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PREFACE 


During the past decade, with the expansion in commercial pro¬ 
duction of the electron microscope and rapid development of its 
techniques and applications, electron microscopy has come to form a 
separate branch of microscopy. There are now several hundreds of 
these new research tools in operation throughout the world, employed 
in every branch of pure and applied science from chemistry and biology 
to industrial fermentation and mining. The peculiar properties of elec¬ 
tron beams cause the construction of the instrument and the prepara¬ 
tion of the specimen to differ considerably from what is familiar in 
optical microscopy. The new methods are, of course, built upon and 
owe a great deal to the experience gained uith the light microscope, but 
nevertheless they have such a special character that a knowledge of the 
latter alone is of little help in handling an electron microscope. 

There is thus a need for instruction in the principles and preparative 
methods of the new instrument, and the Electron Microscopy Group of 
the Institute of Physics took a first step towards filling it by organizing 
a Summer School on the subject in this Laboratory, in conjunction 
with the Extra-Mural Board of the Universit^•. The School was first 
held in 1948 and met with an excellent response; the teachers learning 
as much, perhaps,^ as the scholars, it was repeated with even greater 
success in 1949. It was found to be preferable to concentrate on prepara¬ 
tive techniques rather than on detailed expositions of the theory of 
the electron microscope, since the former arc best imparted by demon¬ 
stration and the latter by private reading, following introductory 
lectures. The specimen methods were admirably set out in a manual 
which had been prepared cooperatively by members of the Group, 
under the editorship of Dr D. G. Dru.mmond (The Practice of Electron 
Microscopy: Royal Microscopical Society, London), manuscript copies 
of which were available to students. On the other hand there was an 
obvious lack of a suitable textbook covering instrumental matters. 
Previously published books on the electron microscope cither described 
its principles and operation in too sketchy a manner or too fully, with 
a forbidding mass of mathematical detail. It was to meet this need that 
the present book was commenced. Inevitably it has changed its charac¬ 
ter somewhat in the course of preparation, but it remains essentially an 
introduction to the basic physical features and to the functioning and 
operation of the several parts of the instrument. It is hoped that it will 
arm anyone who has charge of an electron microscope with adequate 
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knowledge to understand its behaviour and misbehaviour, to embark 
on the preparation of the main types of specimen, and to delve further 

on his own account into the published literature. 

The intervening appearance of two or three works covering specia 
fields of application has rendered it unnecessary to deal m detail with 
these aspects, and the chapters on specimen techniques are primarily 
designed to be introductory to and supplementary to Dr Drummond s 
book. Similarly, in regard to theoretical matters, a simple experimental 
approach has been adopted, using a minimum of mathematics which 
should make it possible for those so minded to follow up the detailed 
treatment given in some of the more rigorous works quoted in the text. 
Owing to the parallel fruition of another project of the Electron Micro¬ 
scopy Group, in the publication of A Bibliography of Electron Microscopy, 
it has not been necessary to give more than the most significant refer¬ 
ences. In selecting those for inclusion, the criterion has been informative¬ 
ness rather than priority of publication. 

The main purpose of this book, then, is to aid those who may have 
charge of an electron microscope to make the most of it; to choose the 
best method of preparing a specimen, to operate the machine so as to 
get good photographs, and to evaluate them to best advantage, with an 
eye to possible defects of instrumental origin and to artefacts of prepa¬ 
ration. Special importance has been attached to details of operation 
and photography, which are usually not fully covered even in the hand¬ 
books provided with commercial electron microscopes. Having in mind 
the improvement in resolving power which continues to be made, some 
consideration has been given to the fundamental phenomena, such as 
electron scattering, which arc likely to be important in understanding 
new- developments. This discussion is mainly relegated to a late chap¬ 
ter, in order to make it clear that it is not essential to those who are 
primarily preoccupied with the problems of the instrument as it is. For 
similar reasons an account of the electrostatic and special types of elec¬ 
tron microscope is included at the end of the book: although little used 
at present, they may become of importance (and especially electro¬ 
static lenses) in the further development of the subject. Throughout the 
text, indeed, an attempt has been made to indicate that electron micro¬ 
scopy is still in the formative stage, with new techniques being devised 
and instrumental improvements invented, .\part from the very difficult 
problem of lens correction, it will be some time yet before its range of 
applications becomes as finally defined and its preparative methods so 
far standardized as is the case in optical microscopy, which, even after so 

long and honourable a historv, is itself still bv no means static. 

' ' ' * 

At the same time it is recognized that many workers will be quite 
satisfied with the degree of performance which may be reached with a 
stock model electron microscope, without special attention or precau¬ 
tions. q hey will not want to trouble w ith refinements of magnification 



calibration of resolution determination, for instance. It is hardly pos¬ 
sible to indicate which sections could be omitted by them without 
loss, and in any case a knowledge of all the potentialities of the instru¬ 
ment should be grasped by everyone. However, it should be clear from 
the distribution of emphasis which techniques are appropriate to the 
attainment of a given level of performance. 

Acknowledgements to authors and publishers, who have permitted 
the reproduction of illustrations, are listed separately. Here it is a 
pleasurable obligation to record other substantial assistance received 
in preparing this book. In the first place, it will be clear that it owes a 
great deal to the experience gained in the Summer Schools in Electron 
Microscopy, both from the lectures given by other instructors and, not 
less importantly, from the opportunity provided of assessing the needs 
and difficulties of those who are new to the subject and are to be con¬ 
cerned mainly with routine use of the instrument. In particular the 
great value of Dr Drummond’s careful work in compiling the manual 
of specimen techniques must be acknowledged, without which chapters 
8 and 9 would have been difficult to put together. X’aluable advice 
and criticism have been supplied by Dr J. R. G. Bradfield and 
Dr A. F. Brown of the Cavendish Laboratory, and by M. E. Haine of 
the Associated Electrical Industries Research Laboratories, Aldcr- 
maston, who have respectively read different parts of the manuscript. 

The author will be grateful for information of any faults, omissions or 
misprints which may be found. He will especially value indications of 
where insufficient information may have been provided to meet the 
needs of practitioners of the subject. Writing from the experience of a 
particular laboratory, with its own special interests, the treatment may 
not appear so balanced when approached from a radically different 
point of view. As the intention is to make it as widely useful a handbook 
of electron microscopy as possible, every constructive criticism will be 
welcomed and acknowledged. 

Cavendish Laboratory V. E. Cossleti 

Cambridge 

November 
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GENERAL SURVEY 


The purpose of this chapter is to survey the scope of electron micro¬ 
scopy and to outline the treatment that will follow. It will include a 
short historical account of the development of the instrument and its 
chief applications. The electron microscope was developed on the 
analogy of the optical microscope, and it is helpful to begin by briclly 
describing the construction and limitations of the latter. Although very 
different in finished appearance and in operation the two instruments 
conform to the same fundamental microscopical principles, 

Theoptical microscope uses lenses of glass to produce a clear and greatlv 
magnified image of details which are too small to be appreciated by the 
naked eye. It relies upon the refractive properties of the boundary 
between air and a transparent substance: light entering a lens is bent 
sharply from its original direction. For this reason it is practicable to 
shape lens surfaces to give accurate focusing properties, so that the 
resulting image is a true representation of the original object. This image 
may cither be observed directly with the eye, or it may be projected on to 
a screen or photographic plate for recording. It is usual for most ol' the 
magnification to be produced by the lens nearest the object, the objective, 
and the rest by the eyepiece or projector, as the second lens is al terna tively 
called, according to whether it is used with the eye or with a screen. 

The electron microscope produces images by essentially the same 
processes, at much greater magnifications. It uses an electron beam for 
illumination instead of light, and electric or magnetic fields for focus¬ 
ing. Electrons entering such a field experience a change of direction, 
in the same way as does light in a glass lens, except that the bending 
is now a continuous process rather than a sharp refraction. 'The final 
image must now be observed on a screen coated with material which 
emits light under electron imj)acl. To obtain a permanent record, this 
fluorescent screen may be photographed externally, or a photographic 
plate may be exposed directly to the electrons. Owing to the sTiialler 
size of electrons as compared with light waves much finer details c<iti 
be appreciated in the electron than in the optical microgiaj)h. 'file 
resolving power is greater; this is the chief advantage of the election 
microscope and the main urge to its rapid development. 

The following sections of this chapter will describe briefly the pi in- 
ciples of microscopv, the nature of electron lenses, and the n.ilural limi¬ 
tations of both optical and electron microscopy. Succeeding (hapters 
will deal in detail with the construction and propei ties(.fele( tron lenses 
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and of the other components of a complete electmn microscope, to¬ 
gether with its operation, applications and limitations. The emphasis 
throughout is on the exposition of the physical principles involved and 
their practical consequences rather than on their theoretical justifica¬ 
tion. Sufficient fundamental discussion is given to understand, for 
example, the action of electron lenses or the process of image forma¬ 
tion, but the analytical treatment of aberrations or of electron 
scattering is omitted. So far as they are needed, mathematical results 
in such cases are quoted without proof. Those who are primarily 
interested in specimen technique and microscope operation can omit 
the mathematical sections: they are warned, however, not to omit the 
physical discussion of aberrations and other factors likely to affect 
the quality of the image. The first requirement of a good microscopist is 
an ability to recognize when the instrument is not giving of its best, and 
to trace the cause of the trouble. This is only feasible if he knows the 
nature of the various possible disturbing factors. Such a knowledge can 
be gathered the hard way, in the course of long practical experience. 
Alternatively the process can be materially shortened by a proper 
physical insight into the action of the illuminating system and lenses of 
the microscope, which it is one of the primary aims of this book to give. 
Here we are speaking of the normal routine use of the machine. If the 
very highest performance is sought, in terms of extreme resolving 
power, it is in general true to say that the greater one’s demands, the 
greater theoretical knowledge one must bring to their satisfaction. As 
with the optical microscope one has to know the subject and the par¬ 
ticular instrument thoroughly in order to get the best out of it. 




THE MICROSCOPE PRINCIPLE 

% 

The primary purpose of a microscope is to produce high magnifica¬ 
tion, and this is usually achieved by employing lenses, although mirrors 
may also be used. The magnification M produced by an ordinary 
biconvex lens is given by the ratio of the image distance v to the object 
distance u so long as the lens is thin: 

, . . . (i) 

u 

These distances are themselves reciprocally related, as 

1 = 1 ■ 1 

f u~^ V 

where/is the focal length (Figure i). The focus is the location of the 
image when the object is infinitely distant i.e. v = f when the object is 
so far away that i /w can be neglected. 

The ray paths are completely reversible, remaining the same if the 
direction of the light is reversed. That is, if the object is moved to / the 
new image will be situated at 0, so that these points are said to be 
conjugately related. By convention the light is taken as coming from 
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the left hand side of a diagram, but if need be all arrows can be reversed 
without error. 

It follows from the above relationships that M can be made large 
by reducing u, that is, by bringing the object closer to the focal point, 



resulting in a corresponding increase in v. The practical limit is set by 
considerations of size, as the instrument becomes inconveniently long 
if the object is so close to the focus that the image distance is more than 
25 cm or so. It is then an advantage to keep the focal length as small as 
possible so as to have the smallest possible value of u for a given value 
of V, and hence the highest magnification with a microscope of given 
length. This is the chief reason why the objective lens of a microscope 
is of only a few millimetres in focal length; other considerations are the 
achievement of image perfection (or elimination of aberrations), and 
related questions of cost. 



The first essential of a microscope, therefore, is an objective lens 
( 4 , in Figure 2) of high power, power being expressed as the reciprocal 
of Vocal length. It forms an image, greatly enlarged, of an object 0 
placed just outside its focus. The position of this intermediate image ll 
is best found by making use of the definition of the focus given above 
and drawing two specimen rays from an object point, passing parallel 
to the lens axis and through the focus respectively. The first is cllec- 
tively from a very distant object and must pass through the rear focal 
point after refraction in the lens; the second, coming from the front 
focus, must pass out of the lens towards a very distant image and thus 
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will be parallel to the axis on the rear side. As shown in Figure 2, the 
point of intersection of these two rays gives the position of the image 
(a comparatively low magnification is illustrated, owing to restrictions 

of space). 

A second stage of magnification is then provided by another and 
similar lens Lp ,here shown as a projector. The first image acts as ob¬ 
ject for this lens, so that ll must be arranged to fall just short of the 
front focus of Lp. A further enlarged final image L is thus formed 
beyond this lens, where it may be observed on a screen or photo¬ 
graphed. The magnification in each case is given by the ratio of the 
corresponding image distance to object distance, and the total magni¬ 
fication is the product of that of the two stages: M — x m.y. When 
the eye is employed to view the image directly, its own lens properties 
come into play. It is then necessary to move the second lens slightly 
nearer to the first, so that 11 falls within its focus, giving an emergent 
cone of rays which can be collected by the lens of the eye in such a way 
as to give an equivalent second stage of magnification. The second lens 
is then said to act as an ‘eyepiece’. 

This combination of lenses, known as a compound refracting micro¬ 
scope, is the essential basis of both optical and electron microscopes. The 
only necessary addition is some means of illuminating the object, 
which is not often self-luminous, nor even brightly enough lit by the 
general ambient illumination in a room, to be easily seen at high 
magnification. When it is magnified too times a given area is 10,000 
times larger in the image than in the object, and its brightness to the 
eye (or intensity of illumination) is smaller in the same proportion: the 
given initial illumination is spread now over an area that much greater. 
Hence, for the image to appear as bright to the eye as does the object 
seen directly, an intensity of illumination must be provided in the 
microscope which is 10,000 times greater than naturally exists at the 
object stage. This is done by directing a narrow beam of light on to an 
object from a preliminary lens system (Lc, Figure 3), known as the 
condenser, as it collects, or ‘condenses’, the light from a lamp. For 
reasons to be explained later this lens is usually also of high power, 
and is used in normal practice to throw a converging cone of light on 
the object rather tlian a parallel beam. 

In the light inirroscopc the tube length, and thus the available 
m a i"i 1 fi c a 11 o , is fixed for a given objective lens. The desirable varia¬ 
tion in magnification is achieved by using an interchangeable series of 
objectives, and sometimes also of eyepieces, of different focal lengths. 
Alter changing the objective the instrument is re-focused by moving 
the whole tube to or from the object, unless the lens mounts are de¬ 
signed to preserve the same position of the focus throughout; even so, a 
fine adjustment will still be necessary. The objective focal length ranges 
Irom about 2 mm up to i cm or so, the corresponding first stage of 
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magnification being from loo x to 20 x . T'hc eyepiece gives at maxi¬ 
mum 20 X magnification, so that the total magnification available 
will be 2,000 X ; this high value is rarely used in practice. When the 
microscope is used for projection the final lens may be used to vary the 
second stage of magnification by moving it to and from the first image. 
'I'he position of the second image varies accordingly, and the viewing 
screen must be moved to suit. Altcrnativelv the screen could be fixed, 
and the projector lens exchanged for one of diflerent power. It will be 
seen that the normal optical microscope has a fixed set of possible mag¬ 
nifications only; continuous variation could only be provided if the 
tube length were made variable, and over a wide range at that. 

THE ELECTRON MICROSCOPE PRINCIPLE 

In the electron microscope the essential units arc the same, as shown 
in Figure 3. The objective and projector lenses U and Lf> arc electro¬ 
magnetic fields of such a form as to have a strong focusing action on 
electrons. Ii is the intermediate image of an object 0, and I2 is the final 
image; each is made visible on a fluorescent screen placed across the 
axis of the instrument. The illuminating source is now a cathode C, 
from which a stream of electrons is drawn by the high voltage prevail¬ 
ing between it and the anode A, which 
has a small hole for admitting the 
electron beam. This is then suitablv 

0 

converged on to the object by the 
condenser lens U. 'The path of the 
illumination is cssenliallv the same as 

I 

in the light microscope, apart from 
the necessity of preserving a high 
vacuum within the instrument, to 
avoid scattering of the electrons bv 
collision with molecules of gas. I hc 
need to provide vacuum pumps for 
this purpose, and electrical equip¬ 
ment to generate the high Noltage and 
lens fields, causes (he greater com¬ 
plexity of construction and operation 
as compared with a light microsco])e. 

The specimen for observation is 
mounted on a metal grid, or on a 
collodion film co\ering the grid, and 
inserted into the correc t position in 
the objective lens. I'he l.ittei is then 
focused, bv\ arving the cm rent genet - 
ating its magnt'tie held, until .1 sharj) 
image is obtained (*n the intermedi- 
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ate screen. The projector lens is then similarly focused to give a sharp 
and greatly enlarged image on the final screen. In usual practice the 
objective is operated at practically fixed strength and the main variation 
in magnification is obtained by varying the projector strength. That is, 
the final image distance being fixed, the second object distance is varied. 
The depth of focus in the intermediate image is normally so great 
(see p 112) that re-focusing of the objective is rarely called for. 

The electron microscope is much larger than an optical microscope 
primarily because of the higher magnification desired. The focal 
length of the lenses being of the same order as that of optical lenses 
(a few mm), high magnification can only be obtained by increasing 
the length of the tube, giving a longer image distance, or by increasing 
the number of stages of magnification. Both methods have been used, 
the introduction of three stages being comparatively recent. If the total 
magnification sought is of the order of 40,000 x (that is, twenty times 
greater than the maximum useful magnification of a light microscope), 
then two-stage operation requires 200 x in each stage and the finished 
machine will be at least two metres long when vertically arranged. The 
general arrangement is then inverted, compared with that of an optical 
microscope, the illumination coming from above, owing to the need 
to keep the high voltage terminal of the electron source well out of 
reach. The column can also be arranged horizontally, or nearly so, but 
this arrangement introduces additional complications into the precise 
alignment of the lenses. 

The alternative system, using three stages of magnification, each of 
moderate value, gives a more compact instrument (^Figure 27) and 
is adopted in the latest models of Philips and Metropolitan Vickers. To 
achieve a total magnification of 40,000 it is then sufficient to employ 
50 X, 10 X, and 80 X in the successive stages, and the length of the 
column can be reduced to about one third that of the equivalent two- 
stage instrument. The three-stage system also allows a wider range of 
magnification to be covered simply by varying the current supplies to 
the intermediate and projector lenses; from 1,000 x to 100,000 X is 
available. In the two-stage case the projector polepieces have to be 
changed when a range of more than 3 to i is to be covered. The detailed 
reasons for this arc explained on p 110, in connection with the origin of 
image distortion. 

At such high magnifications the field of view is very small, being of 
the order of a few microns only. The specimen in usual practice is 
mounted on grids of 200 meshes to the inch, having free spaces about 
70 jx square. The specimen stage is provided with slow motion adjust¬ 
ment so that several of these spaces may be explored for features of 
interest. 

The illumination system, comprising the electron gun and conden- 
sei, is an essential part of the structure of the electron microscope: more 
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so than in the optical case, since it must be rigidly connected to the 
column to keep the complete electron path in vacuo. It is important to 
understand its construction and operation both for this reason and 
because the control of the angle of convergence (or aperture) of the 
beam at the specimen is directly connected with the resolving powci 
obtainable in the image. The illuminating system is therefore discussed 
at length in chapter 4. 

The treatment in the present section, and throughout the major part 
of the book, is entirely concerned with the magnetic type of instru¬ 
ment. There are now electrostatic types on the market, and the special 
problems involved in their operation and maintenance arc dealt with 
in chapter ii. The electrostatic lens is conveniently dealt with as an 
introduction to the magnetic type in chapter 2. The mechanism of 
image formation, the effect of illuminating aperture, and the general 
limitations ofclcctron microscopy are essentially the same in both types 
of instrument. 

Both the electrostatic and magnetic microscopes described here arc 
used to examine specimens by transmission. Owing to the low penetra¬ 
tion of electrons through matter the maximum permissible thickness 
of specimen is of the order of o • 2 [i, which limits considerably the range 
of objects which can be usefully examined. Attempts have been made, 
with some success, to construct a microscope for viewing solid speci¬ 
mens by reflection of electrons from their surface (von Borries “). As 
this is a very specialized technique, however, which cannot be prac¬ 
tised in the commercially available electron microscopes, no extended 
description is given of it here. Nor are the various othei' special types, 
which have been made from time to time for special purposes, more 
than briefly described: the emission microscope, for examining surfaces 
in terms of the selective emission of electrons from them (BrOche and 
JoHANNSON Muller the shadow microscope, which projects 
silhouettes from a point source of electrons (Boersch “), and the scan¬ 
ning type, in which a very narrow beam (‘electron probe’) traverses 
a specimen point by point, whilst the variation in the reflected or trans¬ 
mitted current is recorded (von Ardenne Zworykin W ^//'‘^). All 
these types arc of value in particular investigations, but demand a 
specially constructed machine for their jjractice. Further details will 
be found in the original literature or in the accounts in technical hand¬ 
books (references ’"*''). 


ELECTRON LENSES 


.■\n optical lens focuses light by refracting (or ‘breaking’) it as it enters 
and leaves its surfaces. .\n electron lens bends, or ‘persuades’, the elec¬ 
tron beam into a curved path during transit; the action is coiuinuous 
throughout the passage of the beam through the lens, which has no 
sudden boundaries {cj Figure 10). This gradual changing of the electron 
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path follows from the nature of electron lenses, which are electromagnetic 
fields, not different physical media as are lenses for light. 

The electrostatic field produced between any two conductors charged 
to different voltages, or the magnetic field due to a simple magnet 
or to the current flowing in a wire, will deflect'an electron beam pass¬ 
ing through it. Such an effect is put to use in a variety of ways, such as 
in the deflection system of a cathode ray tube. When the field has 
rotational symmetry — that is, when its strength is the same at all 
points at a given radial distance from the axis regardless of the direc¬ 
tion in which the radius is drawn — it is found to possess focusing pro¬ 
perties similar to those of optical lenses. A beam of parallel rays is 
brought to a point focus in or beyond the lens and, vice versa^ a beam 
diverging from a point can be focused into a similar point image, or 
caused to emerge as a parallel beam. When the extent of the lens is 
small compared with the object and image distances it obeys the simple 
laws relating these to the focal length and the magnification given on 
p 2 for optical lenses. It is then spoken of as a ‘thin lens’. In most 
cases, especially in electron microscopy, the object distance is com¬ 
parable with the extension of the lens field, and indeed may be much 
less than it. In the magnetic objective, for instance, the specimen is 
normally situated well within the field. For such a ‘thick lens’ different 
geometrical relationships exist between object, image and focal dis¬ 
tances, which are set out in the next chapter. Such systems are already 
known from light optics, wherever lenses of high power (short focal 
length) are used, and it is only necessary to take over well established 
results into electron optics. 

Gravitational analogy 

The physical action of electron lenses can best be visualized in terms 
of the analogy with gravitation. Material particles fall or roll from a 
point at high level to one at lower level, in essentially the same way as 
electrons pass between points at high and low voltage (or magnetic 
potential ) in the fields of electron lenses. The simplest electron lens 
can be likened to an inclined trough or gulley. Particles such as stones 
or ball bearings which enter at various points at the top end will roll 
downhill and towards the centre of the gulley. If its cross section is of 
the I ight shape the paths of the different particles may be made to cross 
at the same point on its ‘axis’. A simple model may be made by press¬ 
ing down a stretched rubber surface and rolling ball bearings down it. 

I he gravitational field of the Earth provides the accelerating force on 
the balls, while the contour of the surface determines their detailed 
paths. A ‘gravitational lens’ may thus be made to focus material par¬ 
ticles at \ arious focal distances. If the particles are projected into the 
model it will be found that the focal distance varies with the initial 
speed: the faster the particle is travelling, the less effective is the con- 


8 



Electron lenses 


vei ging action of the ‘trough’ contours, and hcncc the farther it travels 
before being brought to the axis. 

Potential distribution 

In exactly the same way we can plot out the potential ‘contours’ of an 
electromagnetic field. When they have a ‘trough like’ cross section they 
will direct electrons towards the axis, or act as the ‘converging’ or 
positive lenses of light optics. Where they have a ridge like or‘hog’s 
back form, they urge electrons away from the axis, corresponding to 
‘diverging’, negative light lenses. In practice it is found to be impossible 
to pioduce a lens that contains only troughs or only ridges of potential. 
Further it proves to be the case that the converging action outweighs 
the diverging action in every type of electron lens, except in one weak 
lens. We thus have available a variety of lenses suitable for microscope 
objectives and projectors. On the other hand the absence of anything 
but one weak diverging lens limits the possible combinations of lenses 
available for other purposes. 

Focal length 

The effective focal length of an electron lens will be determined by the 
shape and intensity of its electric or magnetic fields. For a given shape 
of field, determined by the form of the electrodes or magnetic materials, 
the focal length will be inversely proportional to the field strength. 
Similarly the focus will vary with the speed [i.e. accelerating voltage) 
of the entrant electron beam. To a first approximation the focal length 
is directly proportional to the accelerating voltage i.e. the faster the 
beam is moving the farther it travels before the field has bent it enough 
to cross the axis. It follows that an electron lens will bring electrons of 
different speeds to different focuses, in the same way as a glass lens 
brings light of different colours to a focus at slightly different points. 
Indeed, we can ascribe to an electron beam a ‘wavelength’, dependent 
on its accelerating voltage, in direct analogy with light waves; in the 
electron microscope this equivalent wavelength is about 25,000 times 
smaller than for light. The change in focal length with wavelength, or 
‘chromatic aberration’, is found to be more severe in electron than in 
light lenses, and the operation of an electron microscope calls for ex¬ 
treme stabilization of the high voltage supply in order to produce a 
beam of great uniformity of velocity (p 160). 

As the focal length of a lens of given construction depends on the 
field strength in it, which is normally variable, it follow's that the focal 
length is not fixed, as is that of a glass lens, but can take a range of 
values. In a magnetic lens the variation is produced by control of the 
current flow'ing in the coil which generates the field. In a perfect lens 
this would allow the focal length to be varied over a great range. In 
practice, however, the aberrations from which present lenses suffer 
cause the useful variation to be limited to some three or four times. In 
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the electrostatic case a similar control of the focal length is achieved by 
varying the voltage applied to one of the electrodes of the lens. 

The variable strength of an electron lens is one of its great advan¬ 
tages in comparison with optical lenses. It enables the magnification 
to'^be changed over a wide range without interfering with the lenses 
or the column length, whereas in the optical microscope, as noted 
above, it is necessary to change the objective, eyepiece, or tube length 
when a new magnification is desired. This is a great convenience in 
operating electron lenses. A similar advantage also applies to focusing, 
where it is only necessary to adjust the strength of a lens instead of 
raising or lowering the microscope column. 

It follows that it is desirable to know how the focusing properties of 
a lens change with variation in its strength. It is also valuable to know 
how they depend on the constructional factors, such as electrode 
separation and bore. These matters are considered in the next chapter, 
and some special aspects also in chapter 5. 


RESOLVING POWER 

Any optical system, whether using electrons or light for illumination, 
has a natural limit set to the smallest details which it is able to make 
visible in an object. This depends on the geometry and dimensions of 
the system, and on the wavelength of the illumination employed. It is 
referred to as the ultimate resolution, or resolving power, of the appara¬ 
tus, and is usually defined in terms of the closest distance of approach 
of two points at which they can still be individually distinguished in the 
image. As they are brought closer together they begin to fuse, but can 
still be recognized as separate individuals until their centres are approxi¬ 
mately within a distance equal to their radius (Figure 4). The exact 
degree of overlap at which they are still regarded as visible depends 
partly on the acuity of vision of their particular observer. It is usual to 
accept for convenience a definition based on diffraction theory, as 
discussed in chapter 5. The rough definition just given, however, is 
sufficient for most purposes. It implies that a high resolving power is 
expressed as a very small distance and vice versa. 



l igurc 4. Rcsolvin" powei: two 
points can no longer be separately 
distinguished when their images 
lall looclosc together, as indicated 
t Nion of the two peaks in the 
giapli of intensity distribution 



Figure 5..Angular aperture of lens: 
tan a = rlf 
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Resolving power 

As indicated above, part of the limitation on resolving power arises 

rom the very nature of the illumination used and depends on its wave- 
ength. In rough physical terms one can say that an object smaller than 
a wave which encounters it will cause very little disturbance to that 
wave, and the smaller its relative size the less the disturbance caused 
The amount of disturbance sun'ered by the illuminating waves in pass- 
ing an object determines its degree of visibility in the viewing lens 
system. Ihere will be a minimum level of disturbance below which the 
object has msufiicient effect on the wave to be distinguishable in the 
image. 1 he relation of object size to wavelength which is involved in 
this question of visibility is a matter for discussion in terms of diffrac¬ 
tion theory, which shows that there is a direct proportionality the 
smaller the object, the smaller the wave on which it can still produce a 

perceptible eflect, as would be expected from the simple physical 
picture given above. 

It is found, however, that the limiting resolution depends also on the 
angular size of the objective lens, as viewed from the object. This is 
equivalent to saying that the w'ider the aperture gathering the waves 
of light that come from the object, the greater the chance of detecting 
any eflect the object has had on them. 1 he lens aperture or angular 
size a is defined {Figure 5) in terms of the ratio of the radius of the lens 
to Its focal length (the object being effectively at the focus in conditions 
of high magnification). 


tan y. = 


./■ 


. ( 3 ) 


If the resolving power is denoted by/;, then the relation for it in terms 
of a and the wavelength x is found to be 

k X 

A = ■ .(4) 


sin y 


I he value of the constant k depends on the visual factors already men¬ 
tioned, expressed in terms ol the miniinuni variation in brightness (or 
photographic density on a plate) which can be detected. It is thus to a 
certain extent arbitrary, and also depends on the illuminating condi¬ 
tions. For most purposes it may usefully be taken as unity, erring then 
on the conservative side. The theoretically most justifiable value iso-6. 
Thus the resolving power may be improved (made smaller) bvincreas¬ 
ing the aperture of the objccti\ c as well as by reducing the wavelength 
of the illumination. In optical practice this is familiar in the use of 
objccUves with high numerical aperture, and of ultraviolet light, for 
reaching maximum resolution. A high aperture requires a lens of 
radius equal to or larger than its focal length. Therefore it is advanta¬ 
geous to keep the focus short, in order to avoid having a large lens of 
considerable weight and cost. This is one reason for slri\ ing'^after the 
shortest practicable focal length in the objecti\e. 
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The resolving power of the unaided eye is about o • i mm under nor¬ 
mal viewing conditions i.e. with an object at the distance of distinct 
vision, 25 cm. This accords with the value obtained by inserting in 
equation 4 the angular width subtended by the pupil of the eye at this 
distance, and the mean wavelength of white light. The use of a single 
lens allows the object to be clearly viewed at closer quarters, and thus 
with a larger aperture, so that the resolution is better as well as the 
magnification greater. The compound microscope carries the process 
still further, the best objectives having an aperture (sin a) very nearly 
equal to unity. By immersing the object in a medium of high refractive 
index the resolution can be still further improved, since the proper 
denominator in equation 4 is the ‘numerical aperture’ of the system 
i.e. the product of the sine of the aperture and the refractive index of the 

object space. 

Using materials of refractive index n= 1-5, and a lens of angular 
aperture yo'^, the numerical aperture n sin a will be over i -4. Hence 
the limit of resolving power will be between one half and one third of 
the wavelength of the incident light, according to the value ascribed to 
k in equation 4. White light has a mean wavelength ofabout5,500 A* 
so that the optical microscope in these circumstances will have a reso¬ 
lution of 2,000 to 2,500 A. The ultraviolet microscope makes use of 
wavelengths down to 2,000 A, and is capable of a resolution rather 
better than 1,000 A in the best circumstances. It is found that most 
bacteria are larger than these limits but show structural details beyond 
them, which are thus invisible in optical microscopes. Viruses and genes, 
and even the very largest molecules, are similarly inaccessible to the eye. 

The maximum useful magnification of a microscope is that which 
will enlarge features of a size equal to the resolving power, up to 
the limit of the eye itself If this is taken to be 0 • 2 mm, for ease of 
viewing, the maximum useful magnification ofan optical microscope is 
o-2/(0-2 X i0“‘‘) or 1,000 times. Beyond this, higher magnification 
simply enlarges further the blurred images, without making them any 
dearer. Values up to 2,000 X are used for photography to make features 
readily appreciable. The ultraviolet microscope, using shorter wave¬ 
length illumination, may operate as high as 3,500 X. 

The same considerations apply to the electron microscope as to the 
optical microscope in this respect, and are the basis of the former’s 
primary advantage over the latter —• a much higher resolving power. 
In the electron microscope the equivalent wavelength of the electron 
beam is of the order of 1/20 and a resolution of the same order 
might be expected. Unfortunately the other limitations on lens perfor¬ 
mance arising from imperfections of form (aberrations) restrict the 
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ma^mum aperture which can be usefully employed in electron lenses. 
In the result, an ultimate resolution of a few A is theoretically to be 
expected from an electron microscope using lenses of present type. The 
best results obtained in practice lie between lo and 20 A. This corre¬ 
sponds to a maximum useful magnification of 100,000 to 200 000 x 
In these circumstances it is clearly desirable to keep the electron 
wavelength small, in view of its direct relation to resolution. Since its 
value IS determined by the accelerating voltage of the beam, this 
requires high voltage operation, in the range of 50 to 100 kv. Such 
voltages are in any case desirable, as pointed out earlier, in order to 
penetrate a reasonable thickness of specimen. It is also necessary in 
deciding on the most suitable voltage to examine how the other limit¬ 
ing factors, the lens aberrations, depend on voltage (see below and 

P 47 )- 

ABERRATIONS 

The rigorous theory of diffraction assumes that the imaging lens system 
is perfect, that is, that a true image is formed of an object submitted 
to it. In the optical case, the development of the theory and practice 
of lens making has been carried so far in the centuries since its discovery 
that the optical microscope can now be regarded as largely free of 
imperfections, or aberrations of the image, as they are called. It is 
impossible to correct fully for all the different types of aberration 
simultaneously, but the more obtrusive can be almost completely 
eliminated, so that the image can be regarded as a faithful reproduc¬ 
tion of the object. It then suffers only from the diffraction limitations 
already mentioned. 

Spherical aberration 

In the electron microscope, with less than twenty years development 
behind it, the lenses are in a relatively primitive state of correction. It 
is possible to measure and to calculate the magnitude of the different 
aberrations and their dependence on the lens aperture, beam voltage 
and field strength. In this way it is found that the most serious aberra¬ 
tion of both magnetic and electrostatic lenses is that known as spherical 
aberration, which causes even an object point on the axis to be blurred 
in the image, see p 103. On the other hand we have no means at present 
of correcting even partially for this error. In light optics correction may 
be made by combining different types offenses which have positive and 
negative aberration, so that the combination has no resultant error but 
still has short focal length. In the electron case wc have no lenses of 
opposite sign of aberration to use; all prove to have positive spherical 
aberration. The only practicable step that can be taken is to minimize 
its effect by keeping the lens aperture down to the minimum workable 
value. The extent of the aberration depends on the third power of the 
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aperture, so that it is reduced to one eighth by halving the aperture 
of a given lens. On the other hand this requirement conflicts with that 
of minimizing diffraction effects, summarized in equation 4, which 
demands the use of maximum aperture. In practice a compromise has 
to be found (p 104) so that the two effects combined have a minimum 
resultant. The corresponding optimum aperture in present lenses has 
to be of the order of io-“ radian, compared with the values of unity 
and greater which are employed in optical microscopy. For this reason 
the very high resolution expected of the electron microscope, from the 
small electron wavelength, is still very far from realization. It can only 
be approached if some practicable means can be found for correcting 
the spherical aberration of electron lenses. 

Variation with voltage 

Spherical aberration is found to increase with the voltage of the electron 
beam, but not so rapidly as to offset the reduction in its wavelength 
that ensues. Hence the total combined aberration falls in proportion 
to the fourth root of the voltage (p 267), so that some further slight 
advantage accrues from operating at higher voltages than that of present 
commercial electron microscopes. It is assumed, in drawing this 
conclusion, that the same degree of stability ofvoltage can still be assured 
when its absolute value is raised since, as pointed out above, electron 
lenses suffer also from chromatic aberration, or a variation in focal 
length (leading to image blurring) with change in voltage. In fact, 
it may not be possible to achieve the same high degree of stabilization 
at I million volts as at 50 kv, and the total aberration may thus be no 
better than at the lower voltage. The purpose behind the attempts now 
being made, however, is rather to get higher specimen penetration than 
better resolution (Marton 

Additional aberrations 

The discussion of resolution so far has been concerned only with limita¬ 
tions arising from the inherent properties of the illumination and of the 
lens fields. Difficulties also arise in the construction of the parts of each 
lens, and their assembly, which demand a very high degree of mechani¬ 
cal precision (p 153). For instance, the bore of a magnetic lens must be 
true to better than one tenthousandth of an inch. In addition, however 
good the workmanship, it is difficult to ensure complete homogeneity 
in the materials employed. In magnetic lenses this may lead to differ¬ 
ences in saturation and resulting asymmetry ofthe field. These defects of 
workmanship and material give rise to several additional aberrations, 
the most important of which is an astigmatism: the lens has appreci¬ 
ably different focal lengths in two directions at right angles, looking 
along the axis. It has been found possible, however, to correct this error 
by introducing magnetic material or current carrying coils into the lens. 
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setting up additional fields which restore symmetry to the lens (Hillier 
and Ramberg ^®). 

In no other case is there as yet any practicable means of removing 
aberrations, and especially spherical aberration, from electron lenses. 
The conditions under which it may be possible to do so have been 
examined theoretically by Scherzer but their practical realiza¬ 
tion is beset by great experimental difficulties. There can be little doubt, 
however, that the problem will eventually be solved, as it has been in 
the case of the optical microscope. It will probably require many years 
of effort, and almost certainly will make the electron microscope much 
more complicated even than it is at present. But only by such means 
will it be possible to bring the resolving power down to the order of 
atomic dimensions, and below, in comparison with the present limit of 
10 A, which corresponds to the size of relatively complex molecules. 

IMAGE FORMATION AND CONTRAST 

The image formed of an object by the optical microscope shows varia¬ 
tions in illumination, or contrast, depending on the amount of absorp- 



Figure 6. Image contrast: the aperture stops 
widely scattered electrons in the beam 
issuing from the object 

tion of the transmitted light by its different parts. Staining techniques 
have been developed to accentuate visibility in materials which show 
little natural contrast, utilizing the selective absorption of dyes by some 
parts of the structures and not by others. Such methods are especially 
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needed in dealing with living material, which shows little variation in 
the absorption of light by its different constituent parts. 

In the electron microscope the origin of contrast is quite different. 
Electrons are scattered by matter much more readily than they are 
absorbed. Hence a dense part of an object will scatter more electrons 
out of the electron beam than will lighter parts, and the corresponding 
region of the image will receive fewer electrons and thus appear less 
bright. Owing to the variation in the amount of scattering with angle, 
the contrast in the image will depend on the size of the aperture, if any, 
which limits the size of the beam after it has passed the specimen 
(Figure 6). A narrow aperture cuts out more of the scattered electrons 
than does a wide one, with consequent gain in contrast. A limit is set to 
the use of small apertures, however, by the onset of the diffraction 
effects mentioned in connection with resolving power. The practical 
considerations governing the choice of a suitable aperture are discussed 
on p 105. 

(Questions of contrast also need to be considered in connection with 
the extreme limit of visibility of particles in the electron microscope, 
and especially the ultimate possibility of observing individual atoms. 
Unless an object interferes sufficiently with the incident waves it will 
not be detectable as a variation in contrast against the background. 
Here it is not only a question of the size of the particle relative to that 
of the wave, as considered in connection with diffraction. We need also 
to know the amount of scattering which it inflicts on the passing waves. 
This is very small for individual atoms, even though they may be too 
times larger than the electron waves. As indicated on p 257, however, 
detailed investigation shows that the amount of contrast should be 
enough to make at least the heavier atoms visible, providing that the 
resolving power is adequate. 

Even in respect of larger particles and aggregations of these, the 
contrast problem is of importance. It is found rather unexpectedly that 
the contrast in an image is less when it is in exact focus than when 
slightly out of focus in either direction. This is due to interference 
efl'ccts, which will be considered only briefly in this book (p 159). Its 
practical importance is that it gives a good indication of true focus 
when operating at high magnification and low intensity of illumina¬ 
tion. 


DEPTH OF FIELD AND DEPTH OF FOCUS 

It was pointed out in connection with resolving power that the high 
degree of aberration shown by present electron lenses imposes a very 
low limit on the useful aperture of the objective lens. On the other hand 
this gives the electron microscope a valuable advantage over the light 
microscope in respect to depth of field. The extent of the object, along 
the axis, which is in sufficiently sharp focus in the image, is usually 
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several microns in the electron microscope as compared with a fraction 
of a micron in the optical instrument (^Figure 44). As a result the 
whole of a specimen is in focus at once, since its thickness has to be less 
than a micron on account ofpoor electron penetration, whereas in the 
optical case the microscope has to be focused on successive layers in the 
object. Hence also the electron microscope can be used to examine 
replicas of rugged surfaces, such as fractures in metal, which are 
inaccessible to direct observation with light, except under unfavourable 
conditions. 

The smallness of aperture also gives a high depth offocus in the image, 
of the order of hundreds of metres (p 112). As a result the placing of the 
photographic plate is not critical with respect to the viewing screen, 
and it is not necessary to re-focus on the position of the plate after focusing 
on the screen. The Philips electron microscope consequently employs 
a miniature film camera situated some distance before the screen. 

At the same time the convergence of the beam is very sensitive to the 
lens power, so that focusing is a highly critical process when the best 
resolution is sought. For this reason an auxiliary device is now fitted to 
some instruments to facilitate focusing at high magnifications or in poor 
illumination (p 88). 

A further consequence of the large depth offocus is that stereophoto¬ 
graphy is more readily practised than in the optical microscope. It 
is then possible, from a pair of pictures taken from two points of view, 
(see Figure 130) to obtain a direct reconstitution of the three dimensional 
structure of any object which is not too dense with respect to the electrons 
(p 248). Hence most electron microscopes now have a means of tilting 
the object with respect to the illuminating beam, in order to take 
stereophotographs. 

ADVANTAGES AND DISADVANTAGES OF THE 

ELECTRON MICROSCOPE 

Following on the above general description, we may now attempt to 
summarize the relative advantages of optical and electron microscopes. 
In most respects this involves listing shortcomings of the latter, which 
are likely to be temporary only, and to be removed in the course of 
further research. 

The primary advantage of the electron microscope is its high resolv¬ 
ing power, although this is limited at present by lens aberrations to 
very much less than the limit set by the wavelength of the electron 
beam. Its lenses have continuously variable focal length, over a wide 
range, which simplifies operation and makes the instrument more 
flexible in that a great range of magnification can be traversed without 
hindrance. The small aperture of illumination imposed by lens defects 
has the positive compensation of giving a great depth offocus and facili¬ 
tating stereophotography. 
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The chief inherent limitation in electron microscopy is the poor 
penetration of the electron beam, so that only very thin specimens can 
be investigated, and these have to be desiccated before introduction 
into the vacuum. The necessity of maintaining a high vacuum adds to the 
complexity of the machine, as also does that of stabilizing the electrical 
supplies, on account of the chromatic aberration of magnetic lenses. 
The other lens defects, and especially the spherical aberration, are 
enormous compared with optical lenses; they form the chief present 
limitation on resolution, but may be expected to be amenable to reduction, 
although the problem of correction is much more difficult than for optical 
lenses. The mechanical perfection of workmanship and materials 
required in electron lenses is if anything even higher than for optical 
lenses. 

The advantages of the electron microscope, and in particular the 
high resolving power, are such as to cause continuous attention to be 
given to means of overcoming its limitations. A wide variety of inor¬ 
ganic particles (pigments, clays, smokes, powders) as well as of bio¬ 
logical units (animal and plant viruses) are immediately amenable to 
observation. Larger units, such as bacteria, tissues and fibres, require 
to be made sufficiently thin to be transparent to the electron beam. 
This may be done by chemical action or mechanical disintegration, or 
by sectioning. Considerable work is now being done on the problem of 
cutting sections only one tenth the thickness of the thinnest normally 
cut in histology (i ix), and it is in sight of solution. The use of higher 
accelerating voltages also assists by providing greater penetrating 
power. As a result the range of application of the electron microscope 
in biology is becoming as wide as that of the optical microscope. The 
biological structures which are concerned with the ultimate details of 
living processes lie mostly outside the resolution of the latter instrument 
and within that of the former. 

The problems arising from the need to dry material before inserting 
it into the instrument remain. A great deal of systematic work needs to 
be done on the effects of drying, and the extent to which biological 
fixatives may be employed to minimize them. There is as yet little 
experience in the recognition of artefacts nor, on the other hand, of 
means of preserving the specimen in a ‘lifelike’ condition during drying. 
The comparative use of several microscopic techniques will assist here. 
Comparison with phase contrast optical microscopy now seems to 
provide greater confidence in the reliability of electron micrographs 
of dried biological material than was at first allowed. 

In principle one may hope that the necessity of drying specimens 
may be overcome by enclosing them in an airtight cell, strong enough 
to withstand an external vacuum. A very high voltage, of the order of 
I million volts, will be needed to give a sufficiently penetrating electron 
beam. This is now being experimentally investigated and there is 
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reasonable prospect of success. It should at least become possible to 
observe biological material in the wet state, although it may still be 
damaged by the beam in the process. 

With metallurgical specimens the drying and vacuum troubles do 
not arise as in any case they can only be investigated by replica meth¬ 
ods. These have been developed so far that an adequate impression 
may be obtained from the surface of most metals and alloys in a routine 
nianner. The technique is rather more difficult than those used for most 
biological materials, with the result that less has been done in the way 
of metallurgical applications. Enough is known, however, to make it 
clear that much more can be achieved by the electron microscope in 
this field than was at first thought. The chief limitation at the moment 
is in the replica methods themselves, almost all of which have a resolu¬ 
tion very niuch poorer than that of the instrument itself (p 219), At the 
same time it is not known whether in fact details of metallurgical inter¬ 
est exist in the size range between the present limit of investigation 
(about 200 A) and atomic dimensions. 
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ELECTRON LENSES 

FOCUSING IN ELECTROSTATIC FIELDS 

In general any electromagnetic field exerts a deviating effect on charged 
particles, such as electrons, passing through it. When the field is of 
such a form that a parallel beam is brought to a focus in a point it is 
spoken of as a lens by analogy with light optics. It is more properly 
termed a ‘spherical lens’ in the latter case, since glass lenses usually 
have surfaces which are portions of spheres. In the same way a field 
which brings a parallel entrant beam to a focus in a line is termed a 
‘cylindrical lens’, since the two faces of such a glass lens would be 
portions of cylinders. These terms are frequently carried .over into 
electron optics, to distinguish the two simplest types of lens, although 
there may be nothing obviously spherical or cylindrical about them. 

The focus spoken of above is a ‘real’ focus, through which the beam 
actually passes after refraction in the lens (^Figure i). The concave 
lens of glass optics diverges an entrant beam, but in such a way that it 
emerges as if it came from a single point; this is then termed a ‘virtual’ 
focus (Figure 7). The usual optical relations between object, image and 
focal distances hold for a focus so defined, as well as for a real focus, so 



Figure 7. Formation of ‘virtual’ image by concave 

optical lens 


long as a suitable convention is established as to which distances shall 
be labelled positive and which negative. 

The convention adopted here is that of cartesian coordinates: dis¬ 
tances measured to the right from any reference point are positive, 
those to the left, negative. Thus, in Figure i, the object distance « is 
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Focusing in electrostatic fields 

negative, the image distance v and focal length / positive, the reference 
point from which all are measured being the centre of the lens. These 
signs have been taken into account in deriving the thin lens relation: 

I = l + i ... .(2) 

J U V 

The same formula holds for the diverging lens system (Figure 7), where 
the focal distance is now negative. In depicting such systems it is usual to 
show the light entering from (or the object on) the left hand side of the 
diagram, but this is not essential to the validity of the formulae obtained. 

Equipotentials 

Refraction in electrostatic fields will be first described, as it is more 
straightforward than that in magnetic fields. An electrostatic field is 
set up between any arrangement of conductors maintained at constant 
potentials (electrodes). It is convenient to imagine the field divided by 
successive lines of equal potential, similar to contour lines of equal 
height on a map. In optical terms this is equivalent to replacing a 
region of continuously changing refractive index by a series offenses’ 
each of constant, but successively increasing, index. The focusing effect of 
any system may then be approximately considered as occurring by 
refraction at these successive surfaces. The greater the number of equi- 
potential subdivisions, or the smaller the contour interval, the closer will 
be the approximation to the behaviour of the actual system. The equi- 
potentials can be drawn once the field has been measured experimentally, 
alternatively, it may be calculated from the known shape of the 
electrodes and their applied potentials, in systems of simple gcomeUy. 

In Figure 8a a few such equipotential lines are shown at potentials 
V , F2, V3, . . volts in the path of electrons coming from a point 

object’ 0 . The electrons are ‘refracted’ at each potential boundary 
according to the simple optical law (Snell s law) 

. . • . (5) 


sin I 


sm r 


- = {X 


^ * # 

where i is the angle of incidence and r that of refraction made with the 
perpendicular to the surface at the point of impact. This is a conse¬ 
quence of the acceleration which the electrons experience in passing 
from a region at potential Fj to one at higher potential V.,. It may be 
shown that the effective refractive index u. is given by the square root 
of the ratio of these potentials: 

>‘=1 (ft) 

Thus if the values are 100 and 200 v respectively, the refractive index 
will bel/2, or i -414..., which is comparable with the figure for most 
materials used in light optics. As very high voltage differences can be 
established without great difficulty, very high values for the electro¬ 
static refractive index are possible. 
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When the equipotentials are all curved in the same sense, as shown, 
refraction at successive surfaces produces a cumulative deviation of the 
electrons. As in the present example the value of r is less than that off, 
the beam is deviated towards the perpendicular each time. The effect 
of an accelerating field, therefore, is to bend the electrons towards a 
direction at right angles to the equipotentials i.e. towards coincidence 
with the electric lines of force, which by definition are normal to* the 
equipotentials. In a symmetrical system the result is to bend the beam 
towards the central axis and to cause it to intersect the latter if the 
field is strong enough, thus making a converging lens. The opposite 
occurs in a decelerating field, the refraction at each surface then being 
away from the perpendicular, as r is greater than i. A diverging lens 
then results. 



Figure 8. Refraction of electron bcann at equipotential surfaces 

a convex, b concave to it 


A diverging action also exists if the equipotentials of an accelerating 
field are concave towards the object, not convex as in Figure 8a. 
Although r is still less than f, the beam is approaching the perpendicu¬ 
lar at the point of incidence from the side further from the axis (Figure 
Hb). Thus the effect of refraction is to bend the beam again towards the 
perpendicular, but away from the axis i.e. a diverging action. 

As already mentioned, it is almost impossible to devise a lens field 
which has a converging action only; in some region there will be equi- 
potentials concave towards the object. The net effect depends on the 
relative strength of the two parts, but it always turns out to be conver¬ 
gent except for a weak aperture lens. The simplest electrostatic lens 



0 % 


li^urc 9. field distribution in Figure 10. Parallel rays focused 

two-cylinder electrostatic lens in two-cylinder l<“ns 
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field is that formed between two tubes at different potentials, and F.> 
(Figure 9). The action is found to be convergent whichever the direc¬ 
tion of entry of the electron beam i.e. no matter whether it is accelera¬ 
ted or decelerated. Such a lens is not used for electron microscopy but 
is useful as an introduction to thick lens optics. 


THICK LENSES 


A lens is said to be thick when the extent of its field is comparable with 
either object or image distance. In the two-tube electrostatic lens of 
Figure 9 the field is so extensive that this will almost always be so, 
unless the voltage difference is very small and the object is outside the 
tubes. We shall assume here that the voltage ratio is high enough to 
cause the focal points to lie within the tube. They can be located by 
tracing the path through the lens of a beam entering parallel to the 
axis, first from one side and then from the other; Figure 10 shows the 
path of a beam entering from the low voltage side, and therefore 
accelerated through the lens. It is bent towards the axis in the first half 
of the lens and away from it in the second half, where the equipoten- 
tials are concave to it. It crosses the axis at a point Fz, conventionally 
known as the second focal point. 

In the thin lens the focal length is measured from the plane of the 
lens to the focal point. In the thick lens it is often convenient in experi¬ 
mental work to measure it similarly from the ‘mid-plane’ of the lens, 
when it is geometrically symmetrical as in the two-tube lens; it is then 
expressed as MFi or AIF2, and called the ‘mid-focal length’. However, 
this definition of the focal length of a thick lens docs not give simple 
formulae relating it to object and image distance, in place of equation 
2. There is also ambiguity as to the plane of reference when the lens is 
not symmetrical. It is more satisfactory to define the focal length quite 
generally as the distance from the point where the emergent beam 
crosses the axis (focal point) to the plane in which this direction, when 
produced backwards, cuts the incident direction; this plane is called the 
‘principal plane’. In Figure 10 Pi marks the intersection of the second 
principal plane with the axis and Pi Fi is then the second focal length f,. 
The object and image distances are also measured from these planes 
and again denoted by u and v respectively (Figure ii). 

An initially parallel ray tr^iced through the lens in the opposite 
direction gives similarly the first focal point and first principal plane: 
‘first’, as being in the object space. PiFl is then the first focal length J\. 
In the general case, as here, when object and image spaces are of 
different refractive index (at different potentials) ,/j and f., are not equal. 
Similar conditions are known in light optics — in the immersion objec¬ 
tive, for instance. It can be shown that in place of equation 2 a ‘thick 


lens’ relation now holds: 


.A _ j 

u V 
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( 9 ) 


When object and image space are of the same refractive index, as in 
the electrostatic unipotential lens (p 25) and the magnetic lens (p 27), 
the principal planes and focal points are symmetrically disposed, and 

hence equation 7 then reduces to the simple thin lens form, 

equation 2. 

If, on the other hand, the object and image distances are measured 
from their respective focal points (^Figure 11), and denoted by p and 
q respectively, then Newton’s relations may be derived 

^ = —, or/?-^=/i-/2 . . . . (8) 

Also, the magnification M is given by 

A/=-^i = f . . . 

P J ‘i. 

Either equation 7 or 8 allows us to calculate the image position for any 
given object position, once the principal points P/, F/, P 2 and Fz have 
been found for a thick lens. They can be obtained by experimentally 
following the path of a parallel beam through the lens system, or trac¬ 
ing it graphically, once the field distribution has been determined. 
Methods of finding field distributions by calculation or experiment, 
and different ray tracing procedures, are given in references A quick 
but rough method of finding the path is by calculating or constructing 
the refractions at successive equipotentials, as in Figure 8. Once one 
focal length has been found the other follows from the ratio of the 
refractive indices of the respective spaces: 

from equation 6. Hence the focal lengths are in the ratio of the square 
root of the ratio of the potentials prevailing at the respective focal 
points; it must be noted that these are not necessarily the same as the 
potentials on the surrounding electrodes. Usually, however, the latter 
values give a sufficiently accurate first approximation to the focal 
length ratio. 

In electron microscopy it is usually unnecessary to refer to the prin¬ 
cipal planes, as in the lenses used they are close together near the mid- 



I iqurc i i. Cardinal points of 
thick lens 


Figure 12. Field distribution 
and ray paths in symmetrical 

lens 
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The electrostatic unipotential lens 

plane. It is often important to realize, however, that the lenses are 
‘thick’, the object being well immersed in the focusing field, so that the 
relations given above hold between object, image and focal distances, 
and not the simple thin lens formula, equation 2. We shall return to 
these matters in considering the functioning of the objective and pro¬ 
jector lenses in chapter 5. 

THE ELECTROSTATIC UNIPOTENTIAL LENS 

The two-tube electrostatic lens finds no use in the electron microscope, 
although it is much employed in cathode ray tubes and elsewhere. The 
electrostatic microscope makes use of the three-electrode or unipoten¬ 
tial lens, which consists of three concentric apertures or tubes, with the 
outer two connected to each other at a common potential (usually 
earth) and the central electrode at high negative voltage (Figure 12). 
The outer regions of the field on either side act as diverging lenses, and 
the central part as a strong positive lens which more than compensates 
them, so that the whole system always behaves convergently. The varia¬ 
tion of focal length with voltage is shown in Figure 13, where l//is 
plotted against the ratio of the voltage of the central electrode ( Vc) to 
that on the outer electrodes Vo. As the negative voltage Vc is increased, 
the object distance falls very rapidly to very small values, and when 
-Vc is sufficiently large the system acts as a mirror, reflecting the 
electron beam. When Vc = 0 the voltage ratio is 0 i.e. the central elec¬ 
trode is at cathode potential, but /is not quite zero (or 1//infinite). 
The electron beam runs up a potential hill towards the central elec¬ 
trode, the surface of which is at the same ‘height’ as the original cathode 
from which the beam started, but the potential on the axis within the 
electrode will be slightly lower — there is a trough here in the gravita¬ 
tional model. A slightly greater value of -Vc raises the central point 
of the lens to cathode potential, so that the beam cannot pass and is 
reflected as from a mirror (indicated by the vertical broken line in 
Figure 13). 

The three-electrode lens thus has a very small focal length, making 
it suitable for an objective, when the central electrode is maintained 
at or near cathode potential. It is clearly convenient to connect it 
directly to the cathode, and the outer electrodes to earth, so that no 
other voltage than that for the initial acceleration of the beam needs 
to be provided. It is then known as a ‘unipotential’ lens, and as such 
is employed in electron microscopes. In order to obtain a very short 
focus lens the electrodes are made in the form of apertures in metal 
diaphragms, the shape of which is designed so as to minimize aberra¬ 
tions. The further details of construction are discussed in chapter 11. 

The peculiar advantage of the unipotential lens, compared with all 
other electron lenses, lies in the fact that it is practically independent 
of variations in accelerating voltage i.e. it has negligible chromatic 
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aberration. Any variation in the voltage applied to the cathode is also 
effective on the lens, so that its focusing power is changed to an extent 
that just compensates for the change in velocity ('wavelength ) of the 
electron beam. Hence the beam is always brought to the same focus 



Figure 13. \’ariation of focal length and object 
distance with voltage in symmetrical lens 


whatever the cathode voltage, so long as this is not more than 20 to 30 
kv. At higher voltages a secondary effect, connected with the relativis¬ 
tic change in mass of the electron, comes into play and gives a small 
chromatic aberration. At the voltages normally used in electron micro¬ 
scopes (50—80 kv) this error is still much less than that of comparable 
magnetic lenses, so that the voltage supply to the cathode need only 
be smoothed to the order of a few parts in a thousand. In the magnetic 
microscope the chromatic error is so serious that the voltage must be 
stabilized to a few parts in 10^, requiring complicated and expensive 
electrical gear. On this account the electrostatic microscope has the 
attraction of simplicity and low cost of auxiliary electrical apparatus. 


26 





Trajectories in a transverse field 


On the other hand the lenses themselves are more troublesome to make 
and to retain in good operating condition than the magnetic type, 
since the electrode surfaces have to stand up to very high electrostatic 
fields. A potential difference of 50 kv or more is set up between metal 
disks separated by only a few mm, and sparking over will occur unless 
the surfaces are properly curved and highly polished. Such high voltage 
lenses are now commercially produced, but there is always the danger 
of contamination or damage leading to electrical breakdown. This is 
the chief drawback of the electrostatic microscope, to be set against 
its relative independence of voltage fluctuations. 

It may also be remarked that in electrostatic lenses the paths of all 
charged particles of the same voltage are identical. Therefore they may 
be used to focus protons or ions, and microscopes have in fact been 
constructed which operate with beams of this nature (Mahl and 
Walcher Chanson ", Boersch -*). 

THE MAGNETIC LENS 

TRAJECTORIES IN A TRANSVERSE FIELD 

A magnetic field exerts a force on an electron beam that is rather 
different in nature from that exerted by a purely electrostatic field. The 
action of the latter can be regarded as a bending of the electron paths 
into closer coincidence with the direction of the electric lines of force, 
the total effect depending on the strength and extent of the field and 
on the speed of the electrons. In a magnetic field, on the other hand, 
the electrons are coerced into rotation around the lines of force, not 
into following their direction. Electrons passing along magnetic lines 
of force experience no force at all. Any focusing effect is now a secon¬ 
dary matter, determined by a particular field distribution, and is less 
easy to visualize than in the electrostatic case. It is helpful to begin with 
a study of electron motion in fields of simple form, and to deal later 
with actual lens fields. 

Consider the path of an electron which is projected at velocity v at 
right angles to the magnetic lines of force in a field of uniform strength 
H lines/cm% It is found by experiment that the electron is forced into a 
circular path, which will be a complete circle if the extent of the field 
is large enough to contain the diameter (Figure 14). The electron will 
continue to revolve in this circle at constant velocity so long as the 
field is maintained. The direction of rotation is related to the direction 
of the field as expressed by the elementary left hand rule: if the 
thumb, index and middle fingers arc arranged to be mutually perpen¬ 
dicular to each other the thumb gives the direction of force exerted by 
a field acting in the direction of the index finger upon a current flowing 
in the direction of the middle finger. Remembering that the electron 
is negative, and flows in a direction opposite to that of the conventional 
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current, the left hand rule gives at once the direction of the force on the 
electron. This force bends the electron path into a new direction which 
is, however, still at right angles to the field. Hence a force of the same 
magnitude continually acts on the electron, always perpendicular to its 
instantaneous direction. Its resultant motion must therefore be in a 
circle about the lines of force, always traversed in the clockwise sense, 

as viewed along the direction of the field. 

The radius r of the circular path in a field of strength H is given by 

equating the magnetic and centrifugal forces 

TT rnv^ rj mv 

evH = - or/jr =— .... 


r e 

where e is the charge, m the instantaneous mass and v the velocity of 
the electron. The quantity Hr has the dimensions of momentum per 
unit charge and is often used as a characteristic constant of electron 
motion in a magnetic field, rather than its energy, because it is directly 
measurable. As already stated, the magnetic force on an electron is 
always at right angles to its direction of motion, so that it does not gain 
or lose energy in its passage. Hence the product Hr remains constant 
even if the field strength varies from point to point. The electron path 
is then composed of a series of circular arcs, of radius depending on the 
local value of H. 

When the strength and extent of the field are not great enough to 
contain the electron in a closed path it will escape from it in a direction 
tangential to the arc traversed at the field limit (Figure 14). Here the 
action of the magnetic field may be compared with that of a prism on a 
light beam, as it deviates the beam through an angle dependent on the 



Fityiirc 14. Circular paths 
of electrons moving per¬ 
pendicular to a magnetic 
field 



Figure 15. Helical paths of electrons 
moving at an angle 0 to the direc¬ 
tion of a uniform magnetic field 


electron velocity (wavelength) and the field strength (refractive index). 
If the initial beam is not uniform as to velocity it will emerge spread 
out over difierent directions, each direction containing a monochro¬ 
matic beam, just as a prism forms a'spectrum from a beam of white 
light. As a glass lens may be considered to be composed of sections of 
prisms, this at once indicates one possible way of making a magnetic 
electron lens. Those in practical use, however, are not fashioned thus 
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out of transverse magnetic fields, although such fields are much used 
for deflecting and monochromatizing beams of electrons and other 
charged particles. 

^ SOLENOID, OR LONG, LENS 

The above treatment applies to electrons moving initially at right 
angles to the field. When a beam is projected at an angle 0 to the lines 
of force its motion may be solved by resolving its initial velocity into 
components in the direction of and perpendicular to the field, vcosO 
and zjsin 0 , respectively (Figure 15). As electrons travelling along the 
field lines suffer no force only the second component interacts with the 
field to give a displacement, which will result in a circular path of 
radius given by equation ii, with sin 6 substituted for v. Thus the 
motion of the electron beam may be considered as a circular rotation 
with this radius about the lines of force, combined with a uniform 
velocity v cos 0 along them. The result is a helix, or spiral, of constant 
repeat distance (pitch) and radius {mvsinOleH)^ as shown. The spiral 
is traced on the surface of a cylinder of this radius; the surface contains • 
the line of force passing through the origin of the beam, which may 
be taken as reference axis. The points F/, F2 — at which the spiral path 
successively crosses this axis again may be likened to the focus of a 
conventional lens. All beams going out from 0 at an angle 0 to the 
axis i.e. on the surface of a cone of this semi-angle with apex at 0, will 
traverse similar helices on cylinders of the same radius all having the 
axis as a longitudinal tangent. Hence they will all intersect again in 
identical points Fl etc. 

The repeat distance, or pitch, OF/, F1F2 etc is given by 

/• 2 mvcos 0 , . 

OF' =/=- jjj— .... (12) 

being dependent on the field strength and electron velocity, as well as 
on the angle of projection 0 . Hence the system will have a different 
focus for different angles of projection, as well as for various velocities. 
However, when the entrant cones are limited to a small angle {e.g. by 
inserting an aperture before the source), cos 0 approximates to unity 
and is effectively constant over the small range from 0 to 0 . Here the 
different focal points do not vary appreciably from that given by ^ = 0. 
The longitudinal field thus concentrates to a point focus a portion of 
the emission from the origin and may therefore be classed as a lens. 

In this form it finds use in certain types of television cameras and ion 
sources. It must be noted, however, that its focal length is infinite, 
according to the usual definition, since a beam entering parallel to the 
axis will be travelling along the lines of force and will suffer no devia¬ 
tion at all. Correspondingly it does not obey either the thin lens or thick 
lens formulae. It gives a succession of images of a point object, increas¬ 
ingly blurred with distance. 
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The spiralling of electron beams around the field lines which occurs 
in the long magnetic lens (or solenoidal lens, as it is called, from the 
fact that such a field is produced by current flowing in a solenoidal 
winding) is a simple instance of what happens whenever electrons tra¬ 
verse magnetic fields. In the short magnedc lenses of microscopy two 
such processes can be considered to be going on together. In consider¬ 
ing these more complicated systems it is not so easy to depict the actual 
path of the beam as when it is a simple helix. It is better to regard the 
electron motion as resolved into two components, one at right angles 
to the field direction, the other in a longitudinal plane through the 
axis which rotates so as always to contain the electron. The application 
of this construction to the long lens is shown in Figure i6, where 0 is 
the origin and OFi the axis as before; the winding generating the field 
H is shown in cross section (shaded). The electron motion perpen¬ 
dicular to the field, as already stated, is a circle of radius r, and this is 
shown in the right hand diagram. It is what one would see if looking 
along the field from behind 0; more accurately, it is the projection of 
the electron path upon a plane perpendicular to the field. The path 
shown in Figure i6a is obtained by plotting the position of the beam on 
a screen that is pivoted along the axis, and is rotated to correspond to 
the rate at which the circular path of Figure i6^> is traced out. After half 
a turn the beam is at point B in Figure 1 6b corresponding to 6 in Figure 
16a, at its greatest distance from the axis. The plane of Figure i6a has 
by now rotated so as to be perpendicular to its initial plane. When the 
beam crosses the axis again at Fi one complete turn has been made by 
the electron and one half turn by the screen, and Figure i6a should be 
upside down: the beam is approaching Fi from below the axis. Hence 
the plane of Figure i6a rotates at half the rate of rotation of an electron 
around the path in Figure i 6 h. It is essential to bear in mind in later 
examples that the path shown in the longitudinal diagram is not the 
path in space, but its depiction in a rotating meridian plane. The true 
path in space may be found by compounding this with the projection 
on a plane normal to the axis, as in Figure i 6 b. 
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I'i^urc i6. Path ofi-loc tron in 
viniform magnetic field, re- 
soKed into: a motion in a 
longitudinal plane rotating 
\Nith the electron, and b 
motitin in projection on a 
plane tiansverse to the axis 



Figure 17. Field in short magnetic lens 
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THE SHORT LENS 

We have assumed above the existence of a magnetic field so long that 
end effects may be neglected, the whole beam path lying in a uniform 
field. The field produced by a simple coil or slab winding, on the con¬ 
trary, will show a negligible region of constancy and a very marked 
field radially at each end (Figure 17). It is in fact this radial variation 
of the field which gives rise to the focusing properties of a short field, 
which are in every way similar to those of optical lenses. 

The magnetic field at any point may be resolved into two components, 
one parallel to the axis Hz and one radially directed Hr. The origin is 
taken in the centre of the lens through which runs the ^-axis, the axis 
of symmetry. Similarly the entrant electron beam is regarded as having 
a radial, Ur, and axial, component of velocity. The action of the field 
on the beam then reduces to two interactions of the type considered in 
the long lens. The radial motion Vt causes a spiral motion around the 
lines of the longitudinal field //z, and the axial motion Vz gives a similar 
rotation about the radial field /%. It will be seen that the resultant motion 
will be complex, especially as the value of all four components varies 
continuously from point to point. In fact the exact motion can only 
rarely be solved by mathematical analysis. For present purposes it will 
be enough to give some of the results of such an approach, with a 
simplified physical picture of the path of the beam in the lens. 

In practice the problem is somewhat simplified by the use of small 
apertures of illumination i.e. the angle 0 made with the axis by the 
outermost part of the beam is very small. Hence we may neglect the 
radial velocity of the beam vr and confine attention to the interaction 
of the field with the axial velocity Vz. Both components of the field. Hr 
and Hz, are of similar magnitude and must be retained, as it will appear 
that the initial effect of Hr on Vz is to bring the beam under the influ¬ 
ence of the longitudinal field also. 

If the object 0 is outside the field, as in Figure 18, the imaging electrons 

will travel in straight lines until they enter it. The axial component of 
velocity will be perpendicular to the radial component of the field, and 
by the left hand rule the beam will therefore experience a force directed 
out of the plane of the diagram (when the field direction is as shown). If 
the field were only radial it would be bent into a circular path around a 
radius. In fact its initial deflection, out of the diagram, makes it inter¬ 
sect the longitudinal component of the field Hz, giving rise to a force 
at right angles to both i.e. in the radial direction. The left hand rule 
shows that this force will be towards the axis, no matter which way the 
field is directed at the point of entry of the beam. The path curves 
around the longitudinal field direction, in a clockwise motion as viewed 
with the field, but in either case it moves towards the axis. If the field 
is long and strong enough the initial small radial velocity of the beam 
away' from the axis will have been replaced by a similar component 
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towards it by the time it leaves the field. It will then continue in a 
straight line until it cuts the axis at what may be regarded as the image 
point. This aspect of the path is shown in Figure i8fl, the motion in a 
meridian plane containing the axis and rotating with the electron. In 


\P 



Figure i8. Focusing by short magnetic lens: paths of 
electrons in a rotating meridian plane, b projection on a 

plane transverse to the axis 


Figure i8^ is shown the motion as projected on to a plane perpendicu¬ 
lar to the axis. The field is usually so short that the beam suffers only a 
small rotation in passing through the lens. As the field strength varies 
from point to point the rate of rotation and curvature of the path also 
vary, rising to a maximum in the middle of the lens and falling again to 
zero at the edge of the field. The varying radius of path is shown in 
Figure i86, while the longitudinal plane of Figure i8fl must be ima¬ 
gined as rotating with a correspondingly varying speed. 

When both object and image lie outside the lens field i.e. in thin lens 
conditions, it is found that a clear image is obtained which obeys the 
elementary lens equation (equation 2). Object and image distances are 
measured from the centre of the lens, and the focal length is defined as 
before as the distance to the point at which an initially parallel beam 
cuts the axis. Mathematical analysis confirms that, to a first approxi¬ 
mation, the magnetic field of a ring coil has the radial variation needed 
to bring to a common focus the beams which enter at different distances 
from the axis, so that all electrons entering its limiting aperture ^max 
are focused together. Hence the short field behaves iike an optical 
spherical lens, with the additional feature that the image is rotated 
tluough a variable angle with respect to the object. The angle fp of 

chance equal to 180°, which corresponds to the 
iin ersion of image with re>pect to object which occurs in the simple 
optical convex lens (V/Figure i i. 

An approximate treatment, in which only rays close to the axis are 
tonsidcH'd, corrc'’ponding to very small aperture, gives an expression 
foi the local length in terms of the integral of the axial component of the 
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field//sand the voltage V through which the beam has been accelerated: 



where e is the charge and m the mass of the electron. The integrated 
value of the field appears, since at all points of its path a force is exerted 
on the beam, the sum of which must be taken. As might be expected, 
there is an inverse relation between/and Hz\ the stronger the field the 
greater the deviation of the beam and thus the shorter the focus. How¬ 
ever the effect depends on the square of the field strength, so that the 
focus is the same whatever the sign of the field i.e. it is independent of 
the direction of the field at the point of entry of the beam. Hence also 
the magnetic lens is always converging in its action. 

Similarly it was to be expected that the focus would vary directly 
with the voltage — the faster the electrons, the less the deviation pro¬ 
duced by a given field and the longer the focal length. This variation 
in focal length with beam velocity corresponds to the ‘chromatic aber¬ 
ration’ of optical lenses. In principle it would be possible to correct for 
it in the same way as in the electrostatic unipotential lens, by varying 
the field strength in the right proportion to compensate for voltage 
changes. As the focal length depends roughly on the inverse square of 
the field strength the value of Hz would have to change at about half 
the rate of change of T. The problem is not insoluble where relatively 
slow fluctuations of voltage supply arc concerned, but its solution adds 
considerably to the complexity of the instrument. It is preferable in 
practice to stabilize the voltage supply to the high constancy required 
to bring the chromatic aberration below the limits set by the other lens 
errors (p 162). 


Rotation of the image 


An expression is also found for the rotation of the image 9 in the same 
approximation as for the focal length 



the last line resulting from the insertion of numerical values for the 
electronic charge and mass. It is seen that each factor enters as the 
square root of the corresponding member in equation 13, but it must 
be noted that the integral of the field is not in general equal to the 
square root of the integral of the squared field. Hence the rotation is 
not numerically ccjual to the root of the lens power, \ (!//)• Ihe 
rotation is reduced by increase in accelerating voltage, and increased 
by increase in field strength, as might be expected. On inserting values 
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for Hz and V such as obtain in electron microscope projection lenses, 
the rotation is found to be about 3 radians at maximum. Exact in¬ 
vestigation shows that in a typical objective lens it has a theoretical 
maximum of n radians — equal to the 180° of optical lenses. 

The rotation of the image with respect to the object is not in itself 
undesirable, so long as it is the same for all points. It is not usually 
necessary to relate a part of the image to its actual counterpart in the 
object, but only to record the form and mutual orientation of different 
parts of the image itself This is unaffected by a uniform rotation. If the 
absolute position of a feature in the object has to be located it may be 
found by using a marked specimen grid as support or by noting charac¬ 
teristic features of a normal grid, which may afterwards be observed 
in an optical microscope. Such observations are aided by having the 
specimen stage controls calibrated, so that the position of a particular 

portion of the field may be logged. 

The image rotation does, however, bring practical disadvantages 
because it is never perfectly uniform for all image points. That is to 
say, rotational aberrations are added to the normal field aberrations 
which are familiar in light optics. They lead to a distortion and blur¬ 
ring of the image. The spokes of a wheel-shaped object, for instance, 
would appear curved in the image and less distinct in the outer parts 
of it. Further reference is made later (pp 111 and 160) to the nature and 
extent of these defects. They are usually small in comparison with some 
other aberrations and no effort is made to correct for them. If need be, 
they can be eliminated by using a lens designed to have no rotation, 
composed of two windings side by side which carry currents equal 
in magnitude but opposite in direction. The rotation produced by 
the two fields will be equal and opposite, since (f in equation 14 de¬ 
pends on the direction of the field Hz which here enters only in the 
first power, not as the square. Hence the total rotation is zero and the 
rotational aberrations are automatically eliminated. On the other hand 
the focusing powers of the two fields are to be added, being dependent 
on the square of //- and hence independent of its direction; a strong 
lens is thus obtained, with zero rotation of the image. 


ACTUAL LENSES 

For practical purposes equation 13 for the focal power may be reduced 
to more usable form by inserting numerical values for the electronic 
constants e and m 




the constant factor being the square of that in equation 14. Further, 
the field will be directly related to the current / flowing in the windings 
that produce the field, and we may write 
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1 

f V .... (i6) 

The value of the constant K will depend on the number of turns M in 

the winding, on its geometrical form and on the nature of any magnetic 
material in the system. 

For purposes of design it is more valuable to find the number of 
ampere turns {IN) required to produce a lens of given focal lengthy. 
An approximate relation may be obtained by relating the problem to 
that of a single loop of wire of diameter d 

m = 220Fc[YhAY ....( 17 ) 

with the voltage in kilovolts, Fc is the ‘coil factor’, being the ratio 
of the value of the constant K (equation 16) for the single turn coil 
to that for a coil of the cross section postulated in the design. The value 
of Fc may be determined experimentally for coils of different shape 
(F.USKA " ), In simple slab coils it has a value of i ■ i to i * 2 but becomes 
less than unity when the coil is surrounded by an iron sheath. In the 
latter case the value ascribed to d is the mean diameter of the coil. 

In electron microscopy the accelerating voltage has to be of the order 
of 50 kv, to ensure adequate penetrating power for the beam, and / 
must be no more than a few mm if the instrument is not to become 
unduly long. Assuming/= 5 mm and (/ = 5 cm, we can substitute in 
equation 17, letting Fc = i, to get a rough idea of the answer. We find 
that IN needs to be about 5,000 ampere turns. Even smaller focal 
lengths than 5 mm are desirable for high magnification operation, so 
that very high values of/A" are called for. The corresponding value of 
iH\-dZy from the approximate equation 15, is found to be about 
5 X 10®. If the length of the field is of the same order as/ this calls for 
a maximum value of //- of the order of /10’, or rather more than 3,000 
lines cm-. 

It is difficult to get fields of this magnitude from a simple slab coil 
and use is made of a surrounding shield of iron to concentrate the field 
into a small region near the middle of the lens. Figure 19 shows how 
the field distribution curve grows higher and more peaked as the simple 
coil is first surrounded by three quarters shielding and then by axial 
flanges as well. In electron microscope lenses a step further is taken, 
and conical polcpieces are fitted into the centre of the lens (cf Figure 
47). These of are iron and a few mm in bore, with a small brass-filled 
gap at the axis. The magnetic field is thus compressed into this very 
narrow gap, giving a highly peaked distribution with a large maximum 
value of Hz. 

By this means the value I H\ dz is increased three to five times 
compared with an unshielded coil; that is, the coil factor Fc is reduced 
in this proportion (/equation 17). The number of ampere turns needed 
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to !;ive a particular focal length is thus correspondingly reduced or, 

alternatively, a shorter focal length may be obtained for the same va ue 

of/jV. In this way a focal length of a few mm for a beam of 50 to 100 kv, 

as demanded for electron microscopy, can be obtained from a lens ot 

% 



<j c b 


Figure 19. Efl'cet of iron shielding in concentrating 
magnetic field; a unshielded coil, b partly shielded 

coil, c fully shielded coil 

moderate size and with moderate power consumption. Water cooling 
of the windings is only required when operating at a focal length of 
I—2 mm with voltages of 70—100 kv. 

It should be noted that the increase in focal power obtained by 
using iron shielding in this manner does not bring with it a similar 
increase in the rotation of the image. The effect of the field is indepen¬ 
dent of its concentration in the latter case, where j Hz’dz is involved, 
not ((-/'equations 14 and 15). As is well known from mag¬ 

netic theory, the axial integral of the field depends only on the number 
of turns in the coil and the power supplied to it, and not on the shape 
or surround of the coil. When the field distribution is concentrated the 
area under it remains the same, but this, however, gives relatively much 
larger values of H- than of H at the centre of the field, so that the area 
under a plot of H- increases. Hence the focal power of a lens increases 
with concentration of the field, by introducing iron, whereas the image 
rotation remains constant. 

1 he use of iron pole pieces nevertheless brings with it a new source 
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% 

of error in the image. Unless the two truncated cones of which they are 
formed are absolutely true in bore and accurately aligned on a com¬ 
mon axis they produce a deformation of the field in addition to that 
which gives rise to the normal aberrations. The chief result is an addi¬ 
tional astigmatism in the image. It is therefore necessary to ensure 
workmanship of the highest precision in making the pole pieces, and also 
to choose magnetic material of the greatest uniformity, for a blow-hole 
in the metal or local high density of one constituent of an alloy will act 
in the same way as a departure from circularity of bore. The necessary- 
tolerances arc quoted and discussed in a later section (p 153). 


VARIATION OF FOCAL LENGTH WITH FIELD STRENGTH 


The focal length of a magnetic lens varies with the field strength i.e. 
with current supplied, in a more complex manner than that shown by 
the approximate formulae quoted above, which arc all derived from 
equation 13, the result of a mathematical treatment which neglected 
several factors in the interests of simplicity. From equation 15 it would 
appear that the focal length of a lens might be indefinitely reduced by 
increasing the field strength, //-, according to curve / in Figure 21. 
In calculating the focusing properties of a field it is convenient to take 
as unit of field strength the value it has at the centre of the lens, //„, 
and as unit of length a characteristic quantity a, which is the distance 
from the centre to the point at which the field has fallen to //0/2. \Vc 
may thus rewrite equation 13 to read 



ed^Hl 
8 m V 


H: 


dz = A- 


h - ■ dz 







where/; = //i/«//(>, and ea-Ifi.jHrnV . . . .(19) 

'Fhe quantity k- is then a useful parameter, indicative of the power of 



l-iguri- '20. X'ariation in foc al length ormagiu-tic objrc live 
leiis with liclcl strength (after Rt SK.x) 
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the lens; it is employed as abscissa in Figure 21. It enables the effect of 
variation in lens dimensions a and voltage F, as well as of to be 

appreciated directly. . 1 i r * 

The focal length does not in practice decrease mdefinitely for two 

reasons, one inherent in the system and the other a practical limitation. 

The latter arises from the saturation of the magnetic material which 

sets in at high values of the field. That is, as the ampere turns /JV are 

increased, the field strength at first increases approximately linearly 

and then turns off to a maximum value that is characteristic of the 

magnetic materials employed (r/Figure 2o). Hence in a given lens 

there is a maximum fixed to the attainable field strength, and thus to 

the focusing power. 



Figure 21. Variation in 
focal length of magnetic 
lens in a bell-shaped field 
(after Glaser). Curve 
II = exact calculation 
(equation 21); curve I 
= approximate calcu¬ 
lation {cejuation 13) 



Figure 22. Field distribution and car¬ 
dinal points for bell-shaped field (after 

Glaser) 


Even if this were not so, however, it is found that the power would 
not for long increase linearly with the field, but would gradually reach 
a maximum. This conclusion is reached by an exact theoretical 
treatment of the paths of rays through the lens in place of the approxi¬ 
mate method which led to equation 13. The exact form of the relation 
found between / and A:-, the lens power, depends on the nature of the 
field distribution in the lens, and therefore can only be worked out for 
a given system. Glaser-'’ carried out the calculation for a distribution 
represented by the expression 



Ho 



where H~ is the value of the axial field at a point distant z from the 
centre of the lens, taken as origin. This distribution was found to be 
very close to that experimentally measured in the magnetic objective 
of the Siemens electron microscope. The form of the field is shown in 
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Figure 22, where typical ray paths are drawn, as well as the principal 
planes, focal points, and field ‘half width' a. 

The resulting expression for the true focal length is 

a 

sin[7i/(l +/t2)^]’ • • • • 

where is the lens power parameter of equation 19. The variation of 
7'with hr is shown graphically in Figure 21, curve II; as the actual value 
of/depends on the lens dimensions, and thus on the field width para¬ 
meter a, it is convenient to plot fja as ordinate. It is seen that in a lens 
of given size the focal length falls at first very rapidly with increase in 
field strength (or A'^), and then slowly to a minimum at k} = 3, at 
which/= a. At this power, as may be deduced from equations 21 and 
22, the focal points coincide at the centre of the lens and the principal 
planes lie at the axial points where Hz = //0/2 i.e. at a distance a from 
the centre. This, therefore, gives the strongest practicable lens for use 
as objective in electron microscopy, the object being placed at the 
centre of the lens. At still higher values of k- a parallel entrant beam 
will cross the axis before the centre and again after it i.e. an inter¬ 
mediate image will be formed. The effect of aberrations, however, deter¬ 
mines that the best operating condition of a magnetic objective is not 
at its minimum focal length, corresponding to hr = 3, but at a smaller 
value of k} and thus at a slightly greater focal length. 

It must be noted that the optimum conditions for a projector lens are 
quite different, since the beam passes right through the lens, whereas 
in an objective it effectively originates from the focal point. A projector 
will have no focusing action at all when k- = 3, as a parallel entrant 
beam will cross the axis at the centre of the lens, suffer as much diver¬ 
gence in the second half of the field as convergence in the first half, 
and thus emerge as it entered, a parallel beam (see p 108). 

For completeness, it is useful to give here two other expressions de¬ 
rived by Glaser for this type of lens field. The separation of the principal 
planes is given by 

= 2 a- cot 

showing, as already stated, that their separation is 2a for k- = 3, when 
the right hand term becomes 2a • cot In weak lenses, however, 
the separation tends to zero. Hence the principal planes arc fairly 
close together in normal operating conditions and symmetrical about 
the centre of the lens. For a focal length of 5 mm the separation of the 
planes was found by Glaser to be 6*8 mm. 

Similarly, the distance of the focus from the centre of the lens (‘mid- 
focal distance’) is given by 
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a 


tan 71 j (1 k^) 



From equations 21 and 23 it follows that is always greater than 

since the sine of a quantity is always less than its tangent. Pleasuring 
from the focal point, therefore, the corresponding principal plane will 
be further away than the centre of the lens. Thus the first principal 
plane will fall on the image side of the lens, although the first focal point 
is by definition in the object space; and vice versa for the second pair of 
cardinal points. The result is that, reading from left to right according 
to convention, the four cardinal points succeed each other along the 
axis in the order F1P2P1F2, and the principal planes are said to be 
crossed-over. Such a state of affairs occurs only rarely in optical lenses, 
where the order F1P1P2F2 is usual. But electron lenses are almost always 
found to have Pi and P2 crossed over; in the two-tube lens of Figure 10, 
P2 even overlaps F/. The practical significance of this condition only 
enters into the construction of beam paths from diagrams such as 
Figure 22, once the cardinal points have been found by calculation or 
experiment. To avoid confusion it is only necessary to exercise care in 
labelling the principal planes and in referring to them when constructing 
paths. Glaser was able to show that the usual optical methods of con¬ 
struction still apply in strong electron lenses, even though the object 
may be deeply immersed in the field and the paths (in the magnetic 


lens) are curved. 

The above discussion of the properties of the magnetic lens has been 
based on an investigation of a particular form of field distribution. The 
conclusions apply with small modifications to lenses with other distri¬ 
butions. It is found that the different types of lenses used in electron 
microscopy all have field distributions rather similar to the bell-shaped 
form of equation 20. When the design is unsymmetrical, as when one 
pole piece has a different bore from the other, the distribution can be 
resolved into bell-shaped components having different field maxima. 
The focal length in all cases approaches a minimum value with increas¬ 
ing field strength, its absolute value depending on the lens dimensions 
as well as on the beam voltage. The principal planes are crossed over 
and are usuallv situated close to the centre of the lens. 

The unit of length here has been taken as the field half width a; we 
shall hot examine the dependence of the lens properties on the physical 
dimensions of the pole pieces themselves I n the same investigation 
Glaser also calculated the chief aberrations of the bell-shaped field, 
which will be discussed later in connection with the resolving power of 
the electron microscope (p 105). Before this can be treated, however, 
the microscope itself requires further discussion. 
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THE MAGNETIC 
ELECTRON MICROSCOPE 


HISTORICAL 

It is not yet twenty years since the first description of an electron mi¬ 
croscope appeared, and in this short time it has grown to be a research 
tool of high perfection and wide application. It has shared this rapid 
development with a number of other instruments, such as the cathode 
ray tube and television camera, all based on the same fundamental 
theory of electron optics and the consequent evolution of electron 
lenses. It is helpful to an understanding of the present state of the sub¬ 
ject, and especially to the reading of the literature, to review briefly 
the history of the electron microscope. 

Work in Germany 

During experiments made in the thirty years after the discovery of the 
nature of the electron in 1897 it had been noted that an axial magnetic 
coil exercised a converging action on an electron beam. The nature of 
this effect was not investigated until Busch*® published in 1926 his 
classical treatment of the motion of electrons in electromagnetic focus¬ 
ing fields. He himself experimented with the simple coil as a magnetic 
lens and showed that it obeyed the same laws as optical lenses in respect 
of object, image and focal distances. His work stimulated investigations 
in various laboratories into the construction and properties of both 
electrostatic and magnetic lenses Rudenberg*’). Ruska (E.) de¬ 
veloped the magnetic lens and published the first account of a magnetic 
electron microscope in 1932 (Knoll and Ruska “). In the same year 
Bruche and JOHANNSON described a two-stage electrostatic immer¬ 
sion microscope for examining the surface of emitting cathodes (sec 
P284). Ruska (E.) continued the development ofthc magnetic lensand 
in 1934 was able to exceed the resolving limit of the optical microscope 
with his magnetic instrument"®. Thus far the work had been carried 
on in the Technische Hochschule, Berlin, but now the design and con¬ 
struction of a production model was undertaken by Ruska (E.) and 
VON Borries for the Siemens concern. Their work resulted^’ in the 
model described on p 53 (Figure 23). A hot tungsten wire filament was 
now used as cathode, in place of the cold cathode of the first model, and 
adequate stabilization of the electrical supplies was introduced to limit 
chromatic aberration. The maximum operating voltage was 100 kv. 
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The design of the lenses had advanced so far as to produce an objective 
of 2 mm and a projector of i mm focal length. The instrument was of 
very solid construction and mounted on a special spring concrete foun¬ 
dation to minimize vibrational interference. The construction of this 
model went on through the 1939"45 some forty were made in all. 

Minor improvements were made, the chief being the replacement of 
the single plate cassette by one taking twelve plates at a loading, so as 
to avoid changing plates and re-evacuating the camera chamber after 

each exposure. 

A great deal of work was done in the Siemens laboratory on the 
application of the instrument to different fields of research, and many of 
the specimen techniques now in general use were developed. In medicine, 
Ruska (H.) carried out many pioneer investigations on bacteria and 
viruses^- and, with Wolpers, on biological fibres and tissues®*. Much 
work was also done on inorganic materials, concerning the shape and 
size distribution of clays, pigments and smokes. A hot stage was made 
for investigating the fusion of refractory materials and a low pressure 
reaction chamber for studying chemical reactions such as oxidation and 
chlorination The extent of the work done maybe judged from the 
entries under the above names in the Bibliography of Electron Microscopy^^. 

At the same time further constructional research went on, and a 
220 kv Siemens model was brought to the semi-production stage by 
the end of the 1939-45 war. In the meantime the Allgemeine Elek- 
trizitats Gesellschaft (AEG) concern had been competitively developing 
(although not commercially) the construction and use of the electro¬ 
static model and von Ardenne had set up a laboratory which en¬ 
gaged in both fields. The latter carried out a great deal of pioneering 
work on constructional details of the transmission type of magnetic mi¬ 
croscope, and on its specimen techniques, such as the cutting of very 
thin sections, examination of refractory materials®* etc. His work is well 
presented in his book on electron microscopy*. He also explored the 
practical possibilities of other types of electron microscope, such as the 
scanning and shadow types. These special types of electron microscope, 
in their electrostatic form, were partly due to and were further de¬ 
veloped by Boersch, first at AEG and later in Vienna **’ He was also 
responsible for much theoretical work on the effects observed. At the 
same time, the detailed theory of lens aberrations was worked out by 
ScHERZER, Glaser and Picht, and the limits of resolution of the 
existing types of lenses fairly well established. 

As the commercial model came into use, a growing volume of work 
in all fields of research appeared in Germany. Up to 1940, it is well 
covered in von Ardenne’s book * and in those published by the AEG^’ and 
Siemens®' laboratories. The advances made during the 1939-45 war 
arc fully summarized in the FIA T Reviews of German Science: the electron 
optical theory in the article by Knoll and Kinder, and electron mi- 
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croscopy generally in that by Knoll and Stark, in the Electronics I 
volume^®. Work done in the biological field is covered in the articles 
by PiEKARSKi and by Friedrich-Freksa in the Biophysics II 
The examination of surfaces, especially those of metals, is fully treated 
in a survey by Mahl^^ A recent work of Von Borries® includes an 
extensive bibliography of German work to the end of 1948. 

Work outside Germany 

The volume of work done outside Germany was comparatively small 
up to 1939. Marton had commenced work in Liege independently of 
the Berlin teams, and described a magnetic instrument and its uses 
in 1934 *". He did pioneering work in the examination of biological 
specimens. Later he constructed an improved microscope in the labo¬ 
ratories of the Radio Corporation of America (RCA)'*® and the first 
three-stage model in Stanford^*. He is now engaged on the development 
of the first electron microscope to operate at over one million volts 

In the light of the early work of Marton and the German school, the 
first British electron microscope was made by Metropolitan Vickers 
in 1936-7 in cooperation with Professor L. C. Martin Although this 
instrument did not come up to the performance of the Siemens type 
and its development was then retarded by hostilities, it formed the 
basis of the EM2 model put into production by Metropolitan Vickers 
in 1944 (Haine ‘®), and now replaced by a three-stage commercial 
microscope'*' (Figure 32). 

In much the same way, but less impeded by the war, the instrument 
was taken up in America. Hillier and Prebus at Toronto '*® had made 
the first model in that continent by 1939, and a similar model was 
made in the Eastman-Kodak Laboratories Hillier then went to 
RCA to develop a production model, in conjunction with Zworykin, 
Ramberg and X'ance '"’”. This Type B model became available in 1941, 
and some sixty in all were made. Seven came to Great Britain under the 
Lend-Lease scheme, and formed the practical basis ofdcvelopment of the 
techniques of specimen preparation in this country. RCA followed^* 
with a console model (EMC) (sec p 61) of compact construction but 
limited performance ■^*, and with an improved upright model (EMU) 
(Figure 25 and p 60). Some hundreds of these have been installed in 
the U.S.A. and elsewhere, and, in addition, RCA have experimented 
with a 300 kv machine As a conscciuencc there has been considerable 
development of specimen techniques in America during and after the 
war, reflected in the volume of literature on the subject which now 
appears in English. The details of the various techniques are now 
available in a manual giving a greater amount of information than 
can be compressed into chapters 8 and 9 below. In general it is fair to say 
that the American workers have taken up and greatly improved the 
various methods originally pioneered by the Germans. 
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The growth in the number of instruments in operation — and a 
number were ‘home made’ both in Britain and America, in addition to 
those commercially supplied — has led to the organization of societies 
and conferences for the presentation of results and interchange of 
experience. There are now over fifty laboratories in Britain using elec¬ 
tron microscopes, and a much greater number in the U.S.A. The Elec¬ 
tron Microscope Society of America was formed in 1942 and has held 
annual conferences since that time. The Electron Microscopy Group 
of the Institute of Physics had its origin at about the same time in infor¬ 
mal meetings of users which w^ere held in the Royal Society’s rooms. It 
now holds conferences regularly and an annual Summer School for 
elementary instruction in the subject. It also arranges the regular 
abstracting of papers, and is responsible for the manual of specimen 
technique" and the bibliography^*’ already mentioned. 

EUROPEAN POST-WAR DEVELOPMENTS 

In several other countries the interest aroused by the original German 
work led to the construction and application of new electron micro¬ 
scopes during, and particularly after, the war. In Sweden, a magnetic 
instrument of unusual design was made by Siegbahn, in which the 
column was horizontal and the image was observed through the flu¬ 
orescent screen, as in a cathode ray tube"^. It is now in commercial 
production by the firm of Schonander, Stockholm (Figure 26). 

In Holland, early interest led Le Poole to construct at Delft a 
vertical magnetic microscope having three stages of magnification and 
a special device for also obtaining electron diffraction patterns from 
microscopic regions of a specimen It employs a large cathode ray 
tube screen for viewing, while photographs are taken with a miniature 
film camera pivoted in the neck of the tube. The excellent performance 
of this machine led to its modification for commercial production by the 
Philips concern In its final form (Figure 34) it has a near-horizontal 
column, and the whole assembly is compactly mounted in a desk 
fp 67). The three-stage construction makes for convenience and flexibi¬ 
lity in operation. Its maximum voltage is 100 kv. The Philips labora¬ 
tories have also experimented with a 400 kv instrument constructed 
on much the same lines as Le Poole’s original model, and obtained 
valuable experience of high voltage operation"'. The field of thick 
specimens (about i [.t) for which such high penetration is needed is so 
important that several 400 kv microscopes arc now being made. 

In England the advantages of three-stage construction were also 
exploited in the Metropolitan Vickers machine which is des¬ 

cribed on p 64. A desk type microscope has now been produced by the 
same firm, lower in cost yet with a sufficiently high performance for 
most industrial applications. It opens the way to wider routine-employ¬ 
ment of electron microscopy in hospitals, factories and development 
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The magnetic electron microscope 

laboratories. A two-stage magnetic microscope has also been produced 

in London by the Plessey Company'®. 

In France, more attention has been paid to the electrostatic micro¬ 
scope, the Compagnie Generale de Telegraphic sans Fil (CSF) instru¬ 
ment (Figure 134) being in quantity production®®. However, Dupouy 
developed during the war a magnetic instrument with several ingeni¬ 
ous mechanical features®®, which is being modified for commercial 
production. He has also constructed a high voltage magnetic micro¬ 
scope 

In Switzerland interest has been shown in electrostatic as well as in 
magnetic lenses. The Trub-Tauber production model (Figure 140) 
incorporates both types, an electrostatic lens for objective and a choice 
of magnetic or electrostatic as projector. It differs from all other com-' 
mercial models in employing a cold cathode of special design which 
reduces the time taken to replace filaments in other models®^. It em¬ 
ploys a high speed molecular pump for evacuation, and has other novel 
features (p 277). 

In Germany the dislocation of defeat has now been partially over¬ 
come and a new Siemens magnetic model has been announced®®. It is 
a refinement of the original 100 kv instrument but employs three stages 
of magnification through the use of a double objective lens. An electro¬ 
static microscope is produced by the AEG laboratory, based on the 
model earlier described by Bruche and Mahl®^ (Figure 136). 

The amount of attention given to electron microscopy in Russia is 
difficult to estimate. At least one type of instrument is made there®® 
and several papers have appeared on applications in various fields ®^ 
as well as bn the theory of electron optics®®’®®. It is known that voN 
Ardenne and some other German workers in the field went to work 
in the Soviet Union after the war. 

Actively functioning societies of electron microscopists now exist 
in France, Germany, Holland and Sweden, in addition to those already 
mentioned in Britain and America. International conferences have 
been held in both Holland (1949) and France (1950), and contribu¬ 
tions to the subject are being made from a growing number of labora¬ 
tories with a wide variety of interests in many different countries ^^®. 

DESIGN REQUIREMENTS 

It will be helpful to review briefly the main problems of design which 
have to be faced before describing any of the more important models 
of electron microscope now available. Partly on account of manufac¬ 
turing convenience, roughly the same basic specification is common to 
most models. It is important to understand the factors involved in 
fixing (for instance) the magnification or voltage range, and especially 
to appreciate how far optimum conditions for one item conflict with 
those for another, necessitating a degree of compromise. It is for such 
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reasons that electron microscopes differ in design and operation. The 
increase m numbers of special types of users — metallurgists, for 
example may lead to much wider differentiation in the future. 

Operating voltage 

A primary consideration in the electron microscope is that the beam 
shall be sufficiently energetic to penetrate the type of specimen to be 
examined. Secondly, the particular value of the voltage employed will 
be influenced by its relation to the major aberrations of the electron 
lenses, spherical and chromatic aberration, and the diffraction defect. 

The electron microscope covers the range of size from the limit of 
resolution of the optical microscope (about o • 2 tx, or 2,000 A) down to 
molecular dimensions. It should therefore be capable of penetrating 
matter of this range of thickness. The penetration of electrons varies 
approximately with accelerating voltage in this range, but also depends 
on the atomic number and density of the material encountered. For 
most purposes this may be taken to be organic matter, composed 
mainly of carbon, hydrogen, oxygen and nitrogen, since most biologi¬ 
cal specimens have this composition, as also do most replica materials 
used in metallurgical applications. Bacteria are as thick as i |x in the 
wet state but when dried down arc within the size range specified; 
replicas can easily be made much thinner still. On this basis it is found 
that a voltage of 50-100 kv gives adequate penetration through 2,000 A 
of matter of atomic number less than 10; in denser objects, such as 
metal films, the limiting thickness is around r,ooo A. Such a voltage 
supply is easy to provide in compact units, and the great majority of 
electron microscopes, from the original Siemens model onwards, have 
employed it. 

A still higher voltage would widen the range of observation but the 
cost rises in proportion; so also docs the difliculty of adequate stabiliza¬ 
tion in order to keep the chromatic aberration below the desired limit 
of resolution (p 268). The output needs to be smoothed to better than 
I part in 10,000 for the magnetic microscope, and this becomes difficult 
above 200 kv without grave addition to cost and complexity. 

It was at first thought that the lens aberrations could be greatly 
minimized by using high operating voltages. However the spherical 
aberration increases with voltage and almost offsets the gain in resolu¬ 
tion from the smaller wavelength of the electron beam. It is found for 
the bell-shaped field distribution of equation 20 that the total aberra¬ 
tion varies in proportion to V I (CossLETT®'). Hence the gain in resol¬ 
ving power is not in itself enough to warrant the trouble and cost of 
providing a higher working voltage, and commercial microscopes ad¬ 
here to the range of 50 to 100 kv. For research into the results obtain¬ 
able with thick specimens (p 259) a few very high voltage machines are 
being constructed 
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Magnification , , , , , • 

The required magnification is fixed on the one hand by the resolving 

power of which the objective lens is capable and on the other by that 
of the aided or unaided eye. If the eye is to be used for direct observa¬ 
tion of the image the magnification must be great enough to enlarge 
the smallest object details up to a size which the eye can appreciate. For 
comfort in observation this latter limit may be set at the liberal estimate 
of 0 -2 mm. If the microscope resolves 20 A, the required maximum 
magnification will be o-2 X io’/20, or 100,000 times. The newly de¬ 
veloped three-stage instruments described below now provide an upper 
magnification of this order. 

Alternatively, the eye may be aided by a viewing system of larger 
effective aperture and thus of higher resolving power, A single lens may 
be used as in the RCA type EMC, or a low power optical microscope 
as in the original Siemens model. The resolution of this system then 
replaces that of the eye itself in the above calculation for finding the 
maximum useful magnification. If the optical system is properly de¬ 
signed the visual brightness of the image remains the same in spite of 
the enlargement. Hence one is able to focus at high magnification, and 
thus for high resolution, without increasing the beam intensity at the 
specimen, as would be necessary if the machine were pushed to the 
same magnification by increasing the power of the electron lenses. This 
is an important consideration in examining most specimens, which are 
likely to be damaged by overheating. 

For the great majority of purposes, however, a resolving power of 
50-100 A is sufficient, corresponding to a magnification of 20,000- 
40,000 X. Most commercial microscopes provide a maximum of this 
order. The minimum of the range is determined by the degree of dis¬ 
tortion which can be tolerated in the image (p no). This originates in 
the projector lens, from a defect of the field identical with that which 
gives spherical aberration in the objective. A distortion of 5 per cent 
is a reasonable limit, measured as the ratio of the magnification in the 
outer parts of the image to that at its centre. The lowest useful magnifi¬ 
cation is then 1,000-3,000 X, depending on the number of stages of 
magnification or the number of interchangeable pole pieces provided 
in a given instrument. 

Clearly the whole range of magnification may be moved up or down, 
at the designer’s choice. If the lower limit is reduced to 500 X , as may 
be desirable to allow direct comparison with optical microscopy, the 
upper limit will be similarly decreased. Such a range would be very 
suitable for metallurgical work, where optical comparisons are especial¬ 
ly necessary on one hand and high resolutions are not needed on the 
other, owing to the natural limitations of the replica process (p 219). Itis 
hoped that makers will in the future offer a choice of magnification range, 
as well as of voltage range, according to the type of application for 
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which an electron microscope is mainly to be used. Most instruments 
will in fact give a magnification below i,ooo x if the projector pole 
piece is removed entirely, but such an interruption of normal working 
is usually inconvenient and it would be better if the same result could be 
attained electronically. In general the greater the range of operation 
of which a machine is capable, without interfering with the vacuum 
or the position of the specimen, the higher the speed of working and 
the better the results obtained. Herein lies the particular advantage of 
three-stage microscopes. 


Lens and microscope dimensions 

Once the voltage and magnification range have been settled the focal 
length of the lenses and thus the overall size of the electron microscope 
may be decided. They depend on a compromise between the maxi¬ 
mum power of the lenses, involving the limits of energy dissipation, and 
considerations of convenience in regard to the physical bulk of the 


V 


machine. 

A top magnification of (say) 30,000 may be divided in a two-stage 
instrument between the objective and projector in any way which will 
give the needed product, such as 200 x in the first and 150 x in the 
second lens, or vice versa. It is advantageous to use about the same 
value in each lens, operating them at as short a focal length as possible. 
In this way the size of the lens itself and of the whole instrument is kept 
down, and the spherical aberration is also diminished. The length of 
the instrument depends mainly on the sum of the image distances in 
the several stages (r/Figure 27), and these arc approximately given by 
the product of the focal length and magnification in each case {M = 
vlu vjf). To keep the total length to the order of 2 m the image 
distances should each be about 50 cm. A magnification of 150 X thus 
requires a focal length of 50/150 cm, or about 3 mm in a given lens, 
the bore and separation of the pole pieces need to be of similar dimen¬ 
sions««. Fortunately it proves to be possible to produce magnetic fields 
of the strength needed to give such a short working focal length at the 
operating voltage demanded (50^100 kv), and with a power supply (in 
terms of ampere turns) within practicable limits. The relationships 
between focal length, field strength and ampere turns already given 
(equations 15 and 17) show that fields of the order of 10,000 oersteds, 
produced by some 2,500 ampere turns, arc needed to giyct le requite 
short focal length at high voltage. Such a power dissipation is high but 
can be maintained in slab wound coils without forced cooling. When 
focal lengths of 1-2 mm are sought, as in the Siemens microscope 
overheating can only be avoided by watercooling the objective and 


projector, . . r- i c 

In practice it is convenient to operate the objective at fixed mapifica- 

tion in a two-stage microscope, and to vary the overall magnification 
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by changing that of the projector. In the example taken above, the 
objective might give a magnification of 150 X , while the projector would 
vary from 60 X to 200 X , giving a product of 9,000 X to 30,000 X for 
the top range of magnification. The projector can be made of smaller 
bore, and hence shorter focal length, than the objective because it 
does not have to provide accommodation for the object holder. 

The condenser lens is much less powerful as it has simply to image 
the cathode at or near the object. The cathode-object separation will 
for convenience be about 50 cm, in order to allow space for the centring 
controls of the electron gun and for the object chamber. The focal 
length of the condenser will then be about equal to {u v) l^or approxi¬ 
mately 12 cm; this can be attained without fitting narrow bore pole 
pieces and with a moderate number of ampere turns. 

The total distance from cathode to viewing screen will therefore be 
about I • 3 m on this reckoning. In a vertical model the screen will be 
at about table level, for convenience ofview'ing, so that the total height 
of an electron microscope is about 2* 3 m. If a restricted magnification 
range is specified the column may be made much shorter, and even 
mounted on a desk, as in the RCA type EMC described below. The 
alternative is to adopt three-stage operation, which greatly reduces the 
length of the column without restricting the magnification. 

Two-stage or three-stage operation 

From the point of view of instrument construction it is advantageous 
to use three rather than two stages of magnification, as first realized by 
Marton For a long time it was thought that this would be impracti¬ 
cable owing to the difficulties of centring and focusing three lenses. 
However, these problems have not proved difficult to solve and several 
three-stage machines are now being produced. In addition to compact¬ 
ness of construction they have great flexibility of operation. 

If a given total magnification is divided between three instead of two 
stages the values of the individual magnifications are much reduced, 

leading to smaller image distances and a shorter column (Figure 2 7)'For 

instance, a magnification of 30,000 x may be obtained as the product 
of 30, 30 and 33. In practice the intermediate lens has to be made 
much weaker than the other two, so that figures of 30, 10 and 60 are 
more likely to be adopted, compared with 150 X 200 in the two-stage 
instrument. If the same focal length (3 mm) were employed as in the 
above example of two-stage operation, the respective image distances 
would be 15, 3 and 18 cm, compared with 43 and 60 cm. Thus the 
column length from object to screen would be approximately 13 + 3 
+ 18 cm = 36 cm instead of 45 -|- 60 = 103 cm. Thus for the same 
total magnification the column can be shortened by nearly 70 cm, or 
about half its total length in a conventional two-stage microscope. 

In addition to compactness a greater range of magnification is ob- 
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tainable from the lenses of a three-stage machine. This is partly be¬ 
cause a variation of range of 3 to 5 times is now available in each of 
two lenses, instead of in the single projector of the two-stage instru¬ 
ment. In addition an extra range is provided by employing the objec¬ 
tive lens to produce a virtual instead of a real first intermediate image 
p 114). This is equivalent to decreasing, instead of increasing, the 


b 


Figure 27. Essential dimensions in 
a two-stage and b three-stage elec¬ 
tron microscopes x m2 = 1,000 = 
m/ X m2' X m3 


combined magnification of the objective lens and the intermediate stage 
(^Figures 58a to d). It is thus possible to vary the magnification by 
purely electrical controls frorn 1,000 x to 100,000 x, without moving 
the specimen or changing the projector pole pieces, as would be neces¬ 
sary in a two-stage instrument. In practice it is found better not to vary 
both intermediate and projector lenses but to operate the latter at full 
power and thus to endow the former with a larger range, making 
focusing easier and minimizing distortion. The limit of magnification 
range is set by distortion, the visible effect of which depends on the 
extent of the field of view (c/p no). When the projector is operated at 
full power, giving a large final image and thus utilizing the viewing screen 
to best advantage, its distortion is negligible because the ‘field of view’ 
in its focal plane is very small. If the screen is 10 cm across and the 
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magnification is loo X, the field is only i mm across. It is this small 
field that the intermediate lens needs to fill with its image, and its 
magnification can fall to a very low value before distortion becomes 
appreciable. A range of lo or 15 X can thus be obtained from the 
intermediate lens on the high magnification side, and a range of 2 or 
3 X on the low side, when it is imaging a virtual object. In addition a 
similar variation is available in the objective. In this way a wide overall 
range of magnification is available, combined with low distortion and 

the advantage of a large final field of view. 

For these reasons, and that of compactness, the three-stage method 
of construction is to be preferred to the two-stage method. The extra 
cost and complexity are small, so that it can be expected that the for¬ 
mer will in time entirely replace the latter type of electron microscope. 

Illuminating intensity 

It has been assumed above that the maximum magnification called for 
by the available resolving power could be matched by sufficient inten¬ 
sity of illumination to make the image bright enough for observation 
and focusing, and to give a reasonably short exposure time for photo¬ 
graphy. Fortunately a tungsten cathode under normal conditions of 
operation provides a more than adequately bright source of electrons, 
even with the very limited angle of illumination which can be accepted 
by the. objective on account of spherical aberration. At an operating 
temperature of 2,600° K the cathode gives a current density at its 
surface of o • 8 amp/cm^ or a brightness of 0-25 amp/cm^ per steradian, 
thesteradian being the unit of solid angle. For an accelerating voltage 
of 60 kv the effective illumination at the specimen is then o ■ 066 amp/cm^ 
when an aperture of iO“^ radian is employed. In terms of current den¬ 
sity this appears to be small, but translated into energy flux it amounts 
to 4,000 watts/cm'^, compared with the o -135 watts/cm^ of the sun’s 
radiation at the earth. Such an electron beam represents the greatest 
energy flux available to man. It is not surprising that it gives adequate 
illumination in the final image, even at a magnification of 100,000 X. 

The brightness of the image, according to optical principles, is the 
same as that of the object in terms of current per unit area and unit 
solid angle, neglecting the amount scattered out of the aperture and 
absorbed by the material in the specimen and its support. The solid 
angle of the illumination falling on any image point is, however, smal¬ 
ler than that at the object in the ratio of the square of the magnifica¬ 
tion. Or, from another point of view, the same illumination is spread 
in the image o\'cr M- the equivalent area of the object. The current 
density, in amp/cm-, on the viewing screen is thus AP less than at the 
object. In terms of the above example it will be 6-6 X 10“^® amp/cm^ 
at a magnification of [ 0,000 x,or6*6 x lo’^- amp/cm^ at 100,000 X. 
Small as this appears to be, it still represents a flux of4 X 10’ electrons/ 
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sec/cm‘^ through the image plane. Since something of the order of one 
electron is required to make a single photographic grain developable, 
and there are in a normal emulsion about lo® grains/cm-, the beam 
intensity is adequate for exposure times of the order of i sec, even at a 
magnification of 100,000 x. 

In this connection it is useful to note that in such a beam the 
individual electrons are separated from each other by about 30 [x in 
the neighbourhood of the object plane. This is more than sufficient 
separation for their mutual interaction to be completely negligible, so 
that space charge considerations do not enter into electron microscopy, 
outside the electron gun. On the other hand they are arriving so fast 
that their complete absorption would build up a charge on insulating 
material at a high rate. In practice, charge accumulation is offset by 
leakage and, more importantly, by secondary emission. Nevertheless 
it will be appreciated that charging can rapidly occur once insulating 
deposits form near the path of the beam, underlining the need to reduce 
contamination to a minimum and to clean regularly all surfaces 
exposed to the electron beam {cf p 176). 

It will also be clear that the beam may have profound effects on the 
specimen; on the average each atom in it will suffer more than one 
collision per second with electrons in the beam. Transfer of energy 
gives rise to heating on the macroscopic scale and to ionization on the 
atomic level. Both may be great enough to cause artefacts, especially in 
biological material. Together they make it probable that living matter 
would not survive long in the electron beam, even if some means could 
be found to introduce it into the microscope. This problem of the ener¬ 
getic limits imposed on the observation of objects is discussed in detail 
in a more appropriate context {p 220). 


DESCRIPTION OF MICROSCOPES 

SIEMENS 100 KV MODEL 

From the above survey it will be realized that there are now a consider¬ 
able number of different makes of magnetic microscope on the mar¬ 
ket. The chief of them will now be described in greater or less detail. 
In the first place the Siemens model will be discussed, in its original®" 
and its post-war forms®". It was the first, and in some ways is still the 
best, of the commercial products and in addition there is no full descrip¬ 
tion of it available in English. The other magnetic models derive from 
it in varying degrees {cf von Borries and Rusk.\®’-’), so that a full des¬ 
cription of the parent will leave it necessary only to mention the special 
features of the rest of the family. Electrostatic microscopes arc discussed 
in chapter 11. 

The Siemens microscope (Figures 23 and 28) has a vertical column, 
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the top of which contains the electron gun, inserted into a ceramic high 
voltage insulator. This projects into a large metal shield which prevents 
accidental contact wath the high voltage connection and the battery 
box from which the filament current is supplied. The massive column 

(Figure 29), containing condens¬ 
er, objective and projector lenses, 
is supported on the camera 
chamber, which in turn rests on 
a small platform carrying the 
electrical controls. The large 
casing at the rear contains the 
diffusion pump, vacuum reser¬ 
voir and gauges, liquid air trap 
and other apparatus. The elec¬ 
trical supplies are derived from 
external sources: the coil current 
from a 60 v battery and the high 
voltage from a mains trans¬ 
former. The input to the latter 
is passed through a magnetic 
stabilizer to minimize fluctua¬ 
tions in mains voltage; the output 
is rectified in a voltage doubler 
circuit containing large smooth¬ 
ing condensers and a compens¬ 
ating injector to suppress 100 
eyries ripple ief p 163). By apply¬ 
ing the input voltage to different 
primary windings of the trans¬ 
former the output may be varied 
from 50 kv to 100 kv, through 
two intermediate values. 

Such an electrical system can 
only supply an output stabilized 
to a Mifh( iently high degree if the current drain is very small. This is 
achieved by using a highly efficient electron gun, the drain of only 
10-40 microamj) from high capacity condensers causing negligible 
\ariation in accelerating xoUage. 

The electron gun is of the three-element type, a negative biasing 
voltage being applied to .1 c\ lindrical electrode around the filament. 
By a correct choice of the variable bias, in relation to the accelerating 
\()ltage and the diameter of the apertures in shield and anode, the 
{‘mitied electron beam is confined to a verv narrow cone which passes 

through theanode with negligible loss.'rhceondenser lens, when critically 
locu^ed. produces a very small spot of high intensity in the object plane. 
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Figure ag. Vcriical section of 1950 Siemens model 


The object is mounted on a 3 mm disk of platinum-gold, pierced 
with a single hole of 70 |x diam. This adds greatly to the dilficulty of 
finding a suitable part of the specimen for photography but has the 
advantage of high heat capacity and good thermal conductivity, 
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minimizing temperature rise in the object.The object holder is inserted in 
a racked tube within the bore of a large cock (Figure 29)5 by which it is 
turned into the path of the beam. An auxilia^ control rotates a pinion 
which forces the racked tube down to the objective pole piece. In pro¬ 
per adjustment the flat of the holder should be in contact with the 
upper face of the pole piece at the end of the travel; good thermal dissi¬ 
pation is thus ensured. The racked tube fits moderately tightly in the 
stage plate which may be moved transversely to the axis in two direc¬ 
tions at right angles by means of two push rods passing through rubber 
seals into the vacuum. These rods are operated by two knobs at camera 
level via a fine screw and rocker arm mechanism. It is thus possible to 
move the specimen by a fraction of a micron at a time, while observing 
it on the final screen; the motion may be calibrated, in order that a 
given region may be relocated at will. The total field which can be 
explored by this means is of the order of i mm^ when using the low 
magnification holder but much less with the high magnification holder. 
The latter has a snout that projects into the bore of the objective, thus 
limiting its transverse motion. It brings the object closer to the centre 
of the lens and is equivalent to working with a shorter focal distance 
(2 mm) and thus higher magnification in the objective (150 x). The 
low magnification holder has a wider travel over the pole piece face 
and is convenient to use with the 3 mm specimen grids usually em¬ 
ployed in other electron microscopes. It corresponds to a working focal 
length of 3 ■ 7 mm and a magnification of 80 X in the first stage. Stereo¬ 
photographs may be taken by tilting the object holder through 5° 
between successive exposures. In the 1950 model this operation may be 
carried out by external control, without breaking vacuum. 

The 1950 model employs a double objective lens of unusual design 
to obtain three stages of magnification and a wide total range. The 
objective and intermediate lenses are combined in a single unit, the 
pole piece assembly having two successive magnetic gaps. The focal 
length of the objective proper is 2-9 mm, and of the intermediate lens 
4 • 4 mm. As they are energized by a common winding their combined 
magnification is fixed, having a value of 250 X. The flexibility of 
three independent stages is thereby sacrificed to simplicity of construc¬ 
tion and operation, while a wide magnification range is retained 
(1,000—60,000 X ). 

The projector is provided with a set of four pole pieces, graded in 
bore and pole gap. The range of magnification with a given pole piece 
is about 3 to I. Outside this range the distortion becomes too great at 
the lower end and the magnification begins to fall again at the higher 
end (^Figure 55). In the original instrument it was necessary to dis¬ 
mantle the column and exchange pole pieces when a wider range was 
required. To aid this operation the whole of the column from the objec¬ 
tive upwards, together with the protective casing and battery box, could 
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be raised by a worm operated with a hand wheel at the side of the main 
casing; a counter weight helps to balance the column. In this way the 
projector was quickly made accessible from above and also the under¬ 
side of the objective from below, allowing the objective aperture to be 
removed or replaced. The operation involved admitting air and inter¬ 
rupting the use of the machine for some ten minutes until vacuum con¬ 
ditions were again established. In the later model the projector pole 
pieces are mounted on a revolving disk and may be successively brought 
into position without breaking the vacuum. The minimum focal length 
of the projector, obtained with the pole piece of smallest bore, is i mm 
at 88 kv. This small value is obtained by using a large number of am¬ 
pere turns in the windings, which are cooled to avoid undue tempera¬ 
ture rise. 

The objective aperture is exactly similar to the object holder disks, 
being a 70 [i hole in a 3 mm disk. It is now possible to centre it by 
external controls. A larger aperture must be fitted (300 |x) when elec¬ 
tron diffraction is practised, and this may also be done without break¬ 
ing the vacuum. The object remains in its normal position but the 
projector pole piece and its holder must be removed to allow the dif¬ 
fraction pattern to pass through to the final screen. There is a limiting 
aperture of 3 mm diameter in the condenser system. 

A set of graded diaphragms of brass are provided for the several 
projector pole pieces, ranging in diameter of hole from o • 3 to i • 6 mm. 
Their function is to define the field of view in the final image and thus 
to enable the magnification of the projector to be measured as the ratio 
of the diameter of this field to the size of the aperture. The magnifica¬ 
tion of the first stage (or first two stages in the new model) is similarly 
found by measuring the size of the image on the intermediate screen, 
on which a scale is engraved, and dividing it by the size of the corre¬ 
sponding part of the object, which may conveniently be the hole in a 
standard object disk. A correction needs to be made for the fact that 
the intermediate image is measured in a plane above the focal plane 
of the projector, since this is the plane imaged by the latter lens 
(r/Figure 3). The magnification in each stage being known, the total 
magnification is given by their product. This is the simplest and most 
accurate method of finding magnification in routine work. As the 
objective is usually used at one of two values, depending on the object 
holder used, these can be found once and for all. The determination 
of magnification then involves only one measurement for each photo¬ 
graph, once the projector apertures arc accurately measured and pro¬ 
vided that the object holders are very carefully standardized as to 
length. When an accuracy of 1-2 per cent is sought this length must 
be assured to within 20 [a (better than one thousandth of an inch) in 
the case of the high magnification holder. 

Owing to the high efficiency of the electron gun the beam intensity 


57 





The magnetic electron microscope 

is adequate for visual focusing and photography even at 50000 X, 
although at this limit there is danger of damage to the object from the 
high cmrent density incident on it. In the later model an externally 
operated ‘shading’ device is incorporated (r/voN Ardenne ) to protect 
pLt of the specimen during focusing. Fine focusing may be earned 
out either with the objective control provided for the purpose or wi 
the projector control. The latter is rather finer in its setting but has the 
disadvantage that it also varies the size of the final image field^. owing 
to the presence of the projector aperture, varying the strength ot this 
lens merely changes the final size on the screen of the part of the image 
contained in the aperture without changing the extent of the field oi 
view. A lens of moderate power (X 5) may be turned into the line ol 
sight to allow of greater accuracy of focusing, when the highest resolu- 

tion is sought. * , • j 

Once the image is in correct focus the plate cover is removed by 

rotating a control on the camera chamber, and exposure made by 

lifting the camera lid, which carries the fluorescent screen, using a 

knob at the side. Exposures of one or two seconds are adequate with 

plates of lantern type. The cover of the plate cassette is then replaced, 

a trap raised by means of another control so as to seat against a 

rubber gasket and seal the chamber from the column, and air is then 

admitted by rotation of the vacuum cock. The chamber door at the left 

is then opened and the plate cassette exchanged; the vacuum cock is 

rotated to connect the chamber with the backing pump until the 

vacuum is good enough for connection to the high vacuum reservoir. 

The time taken to change plates and re-establish working conditions 
is of the order of two to four minutes, depending on the amount of 
moisture in the emulsions used. It is also practicable to make a roll 
film camera to fit into the available space in the camera chamber so 
that several exposures may be taken at a loading. This is advantageous 
for running through a number of similar specimens, or for statistical 
work on particle size distribution in a single specimen. The film, how¬ 
ever, is liable to scratching and discharge effects, or even to cracking 
after desiccation, and it is rarely possible to obtain such good photo¬ 
graphic results as with plates. A new 12 plate cassette is offered as op¬ 
tional alternative to the single plate form in the post-war machine. The 
time of pumping is slightly lengthened, but the overall speed of 
operation is considerably increased. Single plates cannot be withdrawn 
after exposure and air must be admitted to the whole column when 
exchanging the multiple cassette. 

The vacuum system consists of a rotary pump of normal design, 
backing a three-stage mercury pump. A liquid air trap is therefore 
required between the latter and the column; it is an added liability 
of operation but has a great effect in rapidly taking up moisture from 
photographic materials. A glass reservoir is provided between the two 
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pumps of such a volume that the backing pump may be shut off for 
most of the working time. The pumping speed is high, so that the whole 
apparatus may be quickly evacuated {2 to 3 min) after admitting air, 
in spite of the large total volume. The vacuum unions are mostly 
ground cone joints of metal, greased with Apiezon or similar materials. 
Rubber gaskets are used between condenser and column for the object 
stage controls, between column and camera chamber, and in some other 
places. In the later model they are used for most, but not all, joints. 

The object air lock, as already described, is in the form of a ground 
metal stopcock. This has the great disadvantage of introducing grease 
in the immediate neighbourhood of the specimen, where heating is 
likely to occur under impact of the electron beam. As a consequence 
a slow contamination occurs of the objective aperture and to a lesser 
extent of the object itself, and in general of all surfaces struck by the 
electron beam (cf p 146). The features of the object itself may be ob¬ 
scured if it is left for a long time in the beam, but this is not usually the 
case. More serious, the aperture, which receives the heaviest bombard¬ 
ment from the electron beam, soon acquires a non-conducting deposit 
which retains charges of non-uniform distribution, so that astigmatism 
is introduced into the image; a slow drift, or more rapid fluttering, may 
also be inflicted on the image. It should also be mentioned, however, 
that the designers were of the opinion that a small leak was not neces¬ 
sarily deleterious. It is certainly true that flushing the column with air 
will sometimes clear up flickering of the image, and it may be that a 
slight continuous leak is beneficial in carrying away grease vapours and 

in oxidizing carbonaceous deposits. 

The chief merits of the Siemens microscope lie in the efliciency of 
its electron gun and in the excellent workmanship, especially of the 
lens pole pieces. Their electron optical properties arc very good, but the 
alignment of the objective and projector relies on the mechanical per¬ 
fection of the ground cones which unite these two sections. In most 
models the performance is very good, and resolving powers down to 
25 A have been obtained. 

OTHER TWO-STAGE MAGNETIC MICROSCOPES 

RCA type B model 

This was the first commercially produced instrument fn)m RCA, and 
showed a number of improvements on the Siemens microscope. The 
object air lock was closed by a door with rubber gasket, and in fact 
rubber gaskets were used throughout the vacuum system. Nevertheless 
contamination difficulties remained, probably from the use of oil 
diffusion pumps without a liquid air or other trap. For the same reason 
and because of the large pumped volume the speed of evacuation of the 
camera chamber was slow after changing plates. On the other hand, 


59 



The magnetic electron microscope 

a lone plate (i o in x 2 in) was used that could be racked along by external 
control to allow a series of five pictures, each 2 in square, to be taken at 
one loading. The greatest advance was made on the electrical side 
where modern electronic technique was used to generate and smooth 
the high tension supply and to provide stable current for the lens coils 
(see p 164). The electron gun was of the two-element type and rather 
inefficient. Very full equipment was provided in the way of vacuum 
gauges and monitoring meters for the electrical circuits. ^ 

The objective pole piece was originally of the ‘saturated neck type 
designed by Prebus but was later replaced by a more robust type 
with solid brass spacer, less liable to develope astigmatism. The projec¬ 
tor covered a wide range of magnification, the overall value being' 
variable from 3,000 to 20,000 X . Two interchangeable pole pieces were 
later provided for it, to cover the same range with less distortion. With 
these improvements, and others in the specimen stage and electron gun 
design, the EMB is capable of as good a performance as any other 
commercial two-stage instrument. Its maximum operating voltage was 
60,000 V but this could be varied in 5 kv steps down to 30 kv. Although 
the lowest ranges are seldom used it is often useful to experiment 
between 40 and 60 kv to find the best contrast conditions according ^ 
to the specimen. An aperture of 50 (a is also provided in the objective 
lens to improve contrast. A o ■ 5 mm aperture limits the illuminating 
beam coming from the condenser. 

RCA type EMU 

This improved model (Figure 25) replaced the Type B in 1944. Apart 
from a more convenient layout of the controls and a simplification of 
the electronic circuits the chief improvement was in the object air lock 
and the pumping system. The internal volume was so reduced that it 
was possible to dispense with air locks altogether, air being admitted to 
the whole column when changing object or plate. A simple port above 
the objective allows the object holder to be removed and replaced 
quickly and without the awkward mechanical system used in the 
EMB. The object stage was also re-designed and a tilting holder fitted 
for stereophotography. The speed of operation generally is greater than 
in the EMB: on the other hand only a fixed operating voltage of 50 kv 
is provided. The electronic supplies are essentially similar to those m 
the earlier model. In recent times a biased electron gun has been made 
available to improve the illumination conditions of the EMU. A newer 
version of this model, the EMU 20 , incorporates an intermediate lens 
for covering the low magnification range 

RCA type EAIC 

In,order to meet the need, mainly in industrial research laboratories, 
for a cheaper instrument of moderate performance, the RCA produced 
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a compact desk model in 1943 with many novel features. It covers 
the size range from the optical limit (about 2,000 A) down to about 
200 A, and hence is well suited for a great number of purposes, especi¬ 
ally particle size determinations. Unfortunately its low operating voltage 
(30 kv) severely limits its applications. 

The cross sectional view (Figure 30) shows the essentials of its con¬ 
struction. In order to produce a short column suitable for desk mounting 
a condenser lens is dispensed with and the objective and projector 
lenses made in one unit, energized by a single winding. The electron 
gun is of three-electrode construction, with a fixed bias voltage and a 
small aperture in the anode to limit the beam. The anode is close to the 
specimen holder, which sits in a stage operated by flexible cables from 
the front panel. The lens contains a central tube on which are carried 
the objective and projector pole pieces at either end, with brass spacers. 
There is a single current supply and control, so that the microscope 
works at a fixed magnification of 5,000 x . The image is viewed through 
the screen as in a cathode ray tube; for photography a plate holder may 
be raised internally before the screen and the cover released by a quick 
action trigger. The whole column is mounted directly on the difiusion 
pump, giving, in conjunction with its small volume, a very high pump¬ 
ing speed, so that air locks can be dispensed with entirely. The pumps 
and electrical supplies are all contained within the pedestals of the 
desk, apart from the mains transformer and backing pump. 



In order to change the specimen, air is admitted to the column and 
the rubber-sealed door of the chamber is lifted. The object holder is fitted 
to a rod which is easy to remove and replace. An operating vacuum can 
be re-established in 2 minutes. The holder rod may also be tilted by 
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external control for stereophotography, there being stops on either side 
of the normal position to indicate the required degree of tilt. The photo¬ 
graphic plate is changed by removing the glass plate bearing the 
screen, which is also sealed with a rubber gasket, from the front of the 
instrument. In the same way it is also possible to extract the pole piece 
assembly for cleaning or for removing the projector pole piece. In the 
latter state the magnification is reduced from 5,000 to 500 X, a great 
convenience when first surveying a specimen or when correlating ob¬ 
servations with those made in the optical microscope. The electron gun 
can be readily removed for cleaning or replacing the filament and is 
aligned with the column by means of three screwed rods operated from 
the front. It is more difficult to get at the anode aperture for cleaning. 
The electronic circuits are in principle the same as in the EMU model, 
but having only to operate at a fixed voltage of 30 kv and to a less 
stringent specification they are less complicated and contain only 
thirteen valves in place of the twenty five in the EMU and the fifty 
two in the original Type B. 

The console model is very simple to use and maintain. The controls 
are reduced to the minimum essentials, at the cost of some loss in 
flexibility of operation. The general conception is excellent and the 
performance for many purposes adequate. The chief limitations are in 
the low illuminating intensity and the low operating voltage. The for¬ 
mer is to some extent the result of the latter, but is also due to low 
efficiency of the electron gun; together they restrict seriously the range 
of specimens which can be examined. This is true both with biological 
material, where the specimens (except for viruses) are often too thick 
even for the normal type of electron microscope, and in metallurgical 
work, where it is difficult to obtain intact replicas thin enough to give 
results at 30 kv. As the penetrating power goes up at least in propor¬ 
tion to the accelerating potential a voltage of 50 to 60 kv would widen 
the range of utility very considerably. At the same time, the screen 
brightness for a given beam current also increases, making for better 
focusing and allowing the instrument to be used in a room only par¬ 
tially darkened. There is a great need for a microscope of the style of 
the EMC operating at this higher voltage, but with the same general 
specification and at a similar cost. Recently RCA have announced a 
table model EAIT, employing permanent magnets, which should go 
far towards meeting this need (Figure 24). 

Plessey electron microscope 

An improved two-stage instrument was produced in London by the 
Plessey Company in 1947-8"®. It is on the same general lines as the 
RCA vertical models, with improvements in the electronic system and 
in some mechanical features (Figure 31). The column is made deliber¬ 
ately somewhat bulky in order to allow future developments to be incor- 
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poralcd without major stinctural alterations. It would thus Ijc easy, lor 
instance, to replace tlie existing projector by a double projector in 
order to convert the microscope to three-stage operation, with all its 
advantages. It is too early to assess the standard of j)erI'ormance of the 
production model. 

Sieghahn-Schunander model 

'I’his instrument, designed in 1939 by SitOB.vnN, has several unusual 
features (Figure 26); it is now in commercial production by the firm 
of Schonander in Stockholm. The column is in the form ol'a narrow 
tube horizontally arranged, with the lens coils mounted extermilly and 
making magnetic contact witli pole pieces within the tube. I'he image 
is viewed through the fluorescent screen, to which is attached .1 rotating 
plate holder wliich takes eight i)latcs at a loading. The microscope is 
mounted on a cabinet which contains the |)umping system and most of 
the electrical supplies, as well as the controls and instruments. '1 he 
alignment of the column entails more difficulty than in a \ertical 
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model* servo-motors are now employed for the purpose. The electrical 
circuit’s are of conventional design, but as high vacuum pump the 
rotary molecular pump devised by Siegbahn is used. Owing to its high 
speed this is liable to cause undue mechanical vibration and does not 
give a very high rate of pumping. In favourable conditions, however, 
the microscope has produced some good results. 

Dupouy model 

The magnetic microscope produced by the Paris firm of Optique et 
Precision Levallois®'’ ■^^to the designs of Dupouy, does not depart greatly 
from the instrument originally described by him^®. It is too early to 
judge of its performance. 

Metropolitan Vickers EMs 

The first production model of Metropolitan Vickers does not differ 
greatly from the RCA type B and Siemens models in its general con¬ 
ception. The specimen air lock is greaseless and the vacuum system 
generally is well designed. The electrical supplies are generated in a 
different manner from RCA practice, but as these and the machine 
itself have been fully described by the designer no further details will 
be given here. It has now been superseded by the type EM3. 

MAGNETIC THREE-STAGE MICROSCOPES 

The advantages of three-stage operation have already been mentioned 
p 50). It enables a very wide range of magnification to be covered, and 
also diffraction patterns to be obtained, without interfering with the 
position of the specimen or with the vacuum. The flexibility thus con¬ 
ferred makes it much more convenient than any two-stage model. 

Metropolitan Vickers EM3 

The external appearance of the microscope is shown in Figure 32 and a 
cross sectional diagram in Figure 33. As three-stage operation gives 
shorter image distances in each stage than in a two-stage instrument 
the column is shorter and altogether more compact. The electron gun 
is of the three-electrode type, with fixed biased voltage and mechanical 
adjustments for centring, an operation which is described in a later 
chapter (p 152). The condenser is of normal construction, a diaphragm 
of diameter o • 5 mm limiting the illuminating beam coming through it. 
A fixed or (at choice) externally adjustable aperture of 60 tx is provided 
in the back focal plane of the objective. The objective lens has the pole 
pieces so designed that the focal plane is just outside the top face of the 
lens: this allows the object holder to rest on this face, giving it greater 
freedom of travel than in earlier designs. 

The double projector, the essential feature of this model, consists of 
two lenses back-to-back with their pole pieces at the entrance and exit 
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of the beam. The bore here has to be comparatively large to accommo¬ 
date the second intermediate image and to reduce distortion. The two 
projectors are separately excited, and for discussion of their respective 



Figure 33. Meiiopolitan Vickers model EM^-. vertical section 
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functions in the various modes of operation of the machine (p 113) it is 
convenient to call the first the intermediate lens and the second the 
projector. By varying their relative strengths it is possible to pass 
directly from a magnification of 1,000 X up to 100,000 X , and also to 
produce electron diffraction from crystalline objects. A movable aper¬ 
ture is used in the latter case to isolate small regions of the specimen, 

of diameter 2 for microexploration. 

The image appears on the final screen, which is viewed from above 
through a port. By maintaining the projector at almost constant strength 
and producing the change in magnification by varying the strength of 
the intermediate lens, it is possible to keep the screen always filled with 
the picture. That is, the extent of the field of view varies inversely with 
the magnification, in contrast to the Siemens microscope and some 
others. Operating the projector at high power also minimizes distor¬ 
tion. The plate holder takes two plates of lantern slide size, which can 
be exposed in turn, or on which four half width pictures (or eight quar¬ 
ter width) may be taken by use of a masking device. Neither camera 
nor object chamber has an air lock, owing to the high pumping speed. 
The object is readily changeable through a door at the front of the 
column. A tilting device allows stereophotographs to be taken and has 
the great advantage that the image can be viewed continuously during 
the tilting; otherwise, it is often exceedingly difficult to find the desired 

field again for the second exposure. 

The viewing screen has a zinc cadmium sulphide coating of high 
fluorescent contrast. It can be removed through the viewing window 
for cleaning and re-coating, which greatly facilitates this operation. A 
lens of low magnification (X 2) is fitted within the camera chamber 
on a pivot, so that it can be swung into the line of sight by external 
control when detailed inspection of the image is needed. 

For purposes of alignment two sets of lateral adjusting screws are 
provided for the electron gun and condenser, and for the objective 
lens. The proper procedure for carrying out this alignment is detailed 
later (p 150). It is greatly simplified by the provision of a reversing 
switch for the current supply to each lens: owing to the rotation of the 
image with respect to the object a reversal of the field direction will 
throw an image point to a new position, while leaving it in focus, if the 
alignment is not true. This gives a quick and sensitive test when lining 
up the column. 

The high tension is generated electronically using high frequency 
technique. A safety relay is incorporated which is tripped when the 
beam current exceeds a set value or when the flap valve above the 
diffusion pump is closed. It is thus impossible to admit air to the column 
until electrical connection to the filament has been broken, thus safe¬ 
guarding it from accidental burning out. Similarly, development of a 
leak in the column will normally lead to a rise in beam current and 
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tripping of the relay before the filament is damaged. All the vacuum 
joints are of the rubber gasket type, and a Pirani gauge is fitted as well 
as a discharge tube for vacuum measurement. The oil diffusion pump 
and shaft-driven backing pump give a high pumping speed with little 



Figure 34. Philips electron microscope 


noise or vibration. A cold trap is supplied for the pump if desired. 
The instrument should therefore be reasonably free of contamination 
troubles. 


« 


Philips ^Metalix' model 

Independently of the EM3, the Philips concern developed * at Eind¬ 
hoven a three-stage microscope of desk type (Figure 34) based on the 
vertical instrument built at Delft by Le Poole Its construction 
differs from that of the E.\t3 in that the column is almost horizontal, 
an extra lens is incorporated for diffraction operation, and the objec¬ 
tive lens is of novel design. The image is viewed on a large screen, as 
in a cathode ray tube, and photographs are taken on a miniature film 
camera situated close to the projector lens. The general intention of 
the design is to produce a compact, easily operated machine of high 
performance. 

A cross section through the column is shown in Figure 35. The elec¬ 
tron gun is of the fixed bias type and is rigidly connected to the column. 
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Alignment of the beam is effected by magnetic deflection, using a set 
of coils mounted just above the condenser. The only mechanical adjust¬ 
ment here is for adjusting the height of the filament with respect to the 
biased shield. The condenser contains a second set of deflection coils, 



Figure 35. Philips electron microscope; vertical section 


acting as a beam ‘wobbler’ for finding exact focus. After the image has 
been brought into near-focus by using the lens controls the deflecting 
fields are applied by pressing a button. The increased illuminating 
angle of the beam then exaggerates any departure from focus (^p 88), 
and the fine focus control is re-set for minimum flicker. The deflection 
field is switched off before photographing the image. 

The objective Lo has its winding divided into two halves, the pole 
pieces being situated symmetrically at its centre. This allows the object 
to be introduced on a pencil-type holder between the two half coils. 
The holder is made vacuum tight with a simple rubber ring or Wilson 
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seal, and no air lock is needed. When the object is withdrawn a spring 
loaded rod follows it and seats against a rubber gasket to seal the object 
space. The reverse operation, on introducing the holder again, allows 
only a negligible quantity of air to enter the column. 

The object support differs from the disks used in other electron mi¬ 
croscopes, being in the form of a silver strip with two locating lugs. The 
strip is pierced by a single slit of i mm length and 150 [x width, the 
whole of which can be covered by the stage motion. The explorable 
area corresponds to about 25 grid squares of the standard 200 mesh 
per inch disks, with the advantage that the field of view is continuous 
and not broken up by cross-bars. On the other hand, it is ill adapted 
to the dry-stripped replica process. 

The objective has a moderately large bore (i cm) and focal strength 
of about 4 mm. It was shown by Le Poole that if a lens is scaled up in 
dimensions and the ampere turns increased to keep the focal length 
short, the focal plane moves relatively nearer to the centre of the mag¬ 
netic gap; this is a consequence of the principal planes moving away 
from the centre on the sides remote from their respective focal points, 
with increasing value of k- (cf equation 22). At very high power 

= 3) the object would have to be placed at the centre of the lens, 
as pointed out on p 39. Such a design, therefore, gives sufficient space for 
the object holder between the pole pieces, while still producing such 
a short focal length that a small spherical aberration and a large 
enough magnification arc obtained in the objective. The object holder 
is offset slightly from the centre of the lens so that the object is introduced 
directly into the focal plane, and no crank or similar device is needed 
for this purpose. It is then a straightforward matter to tilt the object 
for taking stereophotographs. 

The objective aperture is externally adjustable and easily removed 
for cleaning. It can be raised towards the objective lens when diffrac¬ 
tion is to be practised, to allow the passage of the diffracted beams. An 
aperture in the diffraction lens is then brought into position on the axis. 

The objective is followed by three other lenses, the first and second 
intermediate lenses and the projector lens, 'fhe second intermediate L/ 
and projector Lp lenses arc employed to give a widely variable range of 
magnification, as in the EM3 microscope. The total range is from 
1,000 to 60,000 X, being divided between the three stages approxi¬ 
mately as 50, 12 and too at the upper limit. The first intermediate lens 
Lo is used for giving electron diffraction patterns from the specimen in 
situ. The smaller of the two diffraction apertures accepts rays from a 
limited area of the specimen only (about 3 [x diam), so that electron 
diffraction observations may be made on different parts of the latter. 

The image is obtained on a fluorescent screen of large diameter 
(20 cm), which is viewed by transmission. As in the /‘-.M/'i, the screen is 
usually kept filled with the image by running the projector at constant 
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hieh magnification. When focusing has been carried out, with the aid 
of the beam ‘wobbler’, a miniature film camera within the microscope 
is rotated into position below the projector and exposure made on 
9.^ mm film. As explained on p 112, the final image is in focus over a 
very great axial range, owing to the smallness of the illuminating aper¬ 
ture, so that no re-adjustment of focus is necessary to allow for the 
camera being some way from the viewing screen. The advantage of 
this system is that a large number of exposures may be made at a single 
loading and the record is easily stored. Also the beam intensity at the 
camera is high so that very short exposures are required, thus mini¬ 
mizing the disturbing effects of vibration or mains voltage changes. The 
disadvantage is that the film format is too small for direct evaluation 
and all good photographs need to be enlarged for the purpose. 

The column is mounted at an angle of about 30° to the horizontal 
but can be rotated into a vertical position for demounting and cleaning. 
The viewing screen is detachable, so that the pole pieces of the inter¬ 
mediate and projector lenses may be removed for inspection and peri¬ 
odical cleaning. However, it is impossible to remove the objective pole 
pieces without considerable dismantling of the column, which would 
entail re-alignment on assembling it again. The column is very rigidly 
clamped together in order to maintain alignment in the prone position. 
However, the objective is of large bore, and the pole pieces should not 
often require cleaning. Great precaution has been taken to avoid the 
occurrence of contamination, by using rubber gaskets in all vacuum 
joints, admitting only dried air, and employing a good pumping system. 
A gauge of the Penning type is fitted, with a glow indicating tube. A 
valve interlock system permits the evacuation cycle to be performed in 
the correct sense only, and an overload relay cuts off electrical supplies 
when the beam current rises beyond the safe limit, in order to protect 
the filament. 

The electrical apparatus and diffusion pump are all housed in the 
sides and back of the desk which carries the column of the microscope. 
The high tension is obtained from an extremely compact tank unit and 
is variable from 50 to 100 kv in four steps. The smoothing circuits for 
the coil current supplies are mounted in racks which are fitted with 
plug connectors and may be readily removed for servicing. The various 
controls and meters are conveniently disposed on the front and side of 
the protective case surrounding the column. On account especially of 
the magnetic method of alignment, the externally adjustable apertures, 
and the deflecting system for fine focusing, the microscope is capable 
of both rapid operation and results of high quality. 
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THE ILLUMINATING SYSTEM 


CONSTRUCTION AND FUNCTION 

From the point of view of function an electron microscope can be 
divided into three essential components; an illuminating system, an 
imaging system and a recording section. The function of the illumina¬ 
ting system is to produce an electron beam and to direct it onto the 
object to be viewed. The electron gun and the condenser lens respec¬ 
tively fulfil these needs. The beam must be sufficiently intense for record¬ 
ing purposes and should converge on the object at such an angle 
(preferably variable) as will allow optimum use of the imaging 
system in producing pictures of high quality. The total beam current 
and the illuminated area at the specimen should be as small as is consis¬ 
tent with visual observation of the final image, in order to minimize 
heating and contamination of the specimen. Even more than in the 
light microscope the conditions of illumination play a vital part in 
determining the degree of resolution obtained in practice. It is there¬ 
fore essential for the operator to understand thoroughly the construc¬ 
tion and functioning of the electron gun and condenser system. 

We shall deal here only with the conditions in an electron gun em¬ 
ploying an incandescent tungsten filament as electron source. Oxide- 
coated cathodes, or ‘dull emitters’, are not practicable at the voltage 
and in the vacuum conditions required in the electron microscope, and 
the cold cathode discharge is used as source in only one commercial 
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model’s as it is difficult to make it sufficiently monochromatic or 
stable in operation. The type of hot cathode gun commonly used con¬ 
sists essentially of a V-shaped hairpin f of tungsten or molybdenum- 
tungsten wire, surrounded by a cylindrical metal shield S pierced by a 
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small aperture opposite the point of the V. The anode ^ is a similar metal 
cylinder (Figure 36), with an aperture in the face exposed to the cath¬ 
ode shield. The filament wire is about o* i mm diam and is heated 
directly by a current of a few amperes derived either from a battery 
or from a high frequency source. The emitted electrons are attracted 
through the shield aperture towards the anode by the very strong 
electric field existing between these electrodes. In practice it is con¬ 
venient to maintain the anode and microscope body at earth and the 
cathode at high negative potential, well out of the way of the operator. 

The beam emerging from the anode is focused on to the specimen 
by the condenser lens (Figure 41), which is placed about midway be¬ 
tween cathode and specimen. The illuminating system is fitted with 
lateral and tilt l^djustments to allow the emitting tip of the filament 
to be brought exactly on to the axis. In most modern machines the 
tilting surface has its centre of curvature at the specimen, as in the 
original Siemens microscope, so that the illumination remains always 
directed towards it no matter what the tilt. In the RCA microscopes 
the curvature is reversed, the centre being the filament. One advantage 
of the first arrangement is that it facilitates dark ground working 
((/"p 117). 

The detailed procedure to be followed in aligning the illuminating 
system is described in relation to the whole process of alignment on 
p 149. The condenser lens itself is in some microscopes fitted with a 
separate lateral adjustment. However, this is hardly necessary now 
that the use of a biased electron gun makes the centring of the gun with 
respect to the condenser a less critical matter than it was with thetwo- 
clcctrode system. 

The filament-shield-anode assembly is known as a ‘two-electrode 
gun’ when the shield is at the same potential as the cathode, so that 
electrically they are one electrode. The shield is then often referred 
to as a Wehnelt cylinder, after the discoverer of the beneficial effect of 
its presence. When a negative potential is applied to the shield it 
becomes a three-electrode gun. As the use of the term ‘two-electrode , 
although correct, might convey the impression that only two physical 
parts existed, a cathode and an anode, we shall here refer to the ‘un¬ 
biased’ and the ‘biased’ gun rather than to the ‘two-electrode’ and 
‘three-electrode’ gun, respectively. 

The bias potential required is of the order of hundreds of volts, for 
the usual accelerating voltage of 50 to 100 kv. The exact value needed 
to set up given illuminating conditions will vary widely with the 
geometrical form of the electrodes. If the whole system is scaled up m 
size the required bias is increased by the same factor. On the contrary, 
an increase in the distance between filament tip and shield aperture 
will lead to a reduction in the bias needed. The negative field which the 
latter sets up may be pictured as a throttle, controlling the extent to 
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which the positive field of the anode can penetrate through the aper¬ 
ture towards the filament to extract electrons from it. It acts in the 
same way as the control grid in a normal triode valve. 

The bias voltage may be applied in one of two ways; by using a 
simple battery (Figure 37a), or by utilizing the drop in potential down 
a resistor connected between shield and cathode, through which the 
beam current must flow (Figure 37/1). In either case the negative field 
can be made so strong as to form a potential ‘well’ in front of the cath¬ 
ode, into which emitted electrons flow and from which they arc drawn 
by the anode field. In other words, a space charge cloud is set up which 
acts as the effective electron source in place of the surface of the cath¬ 
ode. This constitutes in principle the main difference in operation be¬ 
tween the biased and non-biased gun, as the latter is almost always 
used in conditions of‘saturation’ emission, in which all available cur¬ 
rent is drawn off directly from the filament in conditions of voltage 
saturation i.e. when the beam current increases no further on raising the 
voltage, although a rise in filament temperature will cause a great 
increase. The phrase ‘space charge limited’ is used to indicate the other 
limitins: state of emission. 

The use of a cathode resistor has an advantage in practice, in that 
its value can be so chosen that space charge conditions are reached 
when the filament voltage and hence the beam current reach a pre¬ 
determined value. Such an ‘automatic’ bias, as now fitted to several 
commercial electron microscopes, has the advantage of simplicity. 
However, it will appear below that a variable bias provides a useful 
additional control of the illumination, without adding appreciably to 
the complexity of operation, and has therefore been retained in some 
other models. This is because once space charge conditions arc set up 
the filament control has little further influence on the beam current, 
which thus comes to a maximum value. X’ariation of the bias then 
allows a degree of additional variation in intensity. 

The performance of the unbiased and biased systems has been dis¬ 
cussed in detail by Bri(;k.\ and Bruck by Hiixier and co-workers 
in a scries of papers by Haine'^, by Marton and Hutter 

and by von Borries The literature is confusing not only on ac¬ 
count of diflcrcnces in terminology but also because various authors 
employ differing symbols for the same quantities and take different 
phvsical factors as variables. An attempt will be made below to explain 
the influence on the illuminating conditions of those factors which arc 
in practice under the control of the operator, without entering into all 
the details of construction which would be of interest in designing a 
gun and condenser system. The practical operation of the illuminating 
system, which is not so complicated as the discussion might convey, 
will be summarized at the conclusion. The outcome of the comparison 
of biased and unbiased electron guns is largely in favour of the former. 
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It gives a greater intensity of illumination and a smaller spot at the 
object allowing more favourable electron optical imaging conditions, 

and at the same time the adjustment of the filament posiuon becomes 

less critical. On the other hand the greater beam intensity causes the 
heating and contamination of the object and of all apertures to be 
much greater, and the filament life is shorter than in the unbiased gun. 
However, these disadvantages can be minimized if a variable bias 
control is made available. 


ACTION OF ELECTRON GUN 


The electron gun constitutes an electron lens of the ‘immersion’ type; 
that is, the lens action is dependent on the electron source being im¬ 
mersed, to greater or less degree, in the field from the accelerating 
electrode, the anode. The anode aperture by itself has a diverging 
effect on the emitted beam, forming with the cathode the typical and 
only ‘negative’ lens of electron optics. The shield is thus seen to have 
an important function, as its aperture introduces a potential trough 
having positive focusing properties even when it is at cathode potential. 
As its potential is made more negative the focusing action becomes 
stronger in accordance with the general rule that the slower an electron 
beam the greater is the effect of a field upon it. 



Figure 3B. Trajectories of electrons 
emei ging from electron gun (after von 

Borriesj 


Figure 39. Electrostatic field distribu¬ 
tion in triode gun, showing potential 
well before cathode (after Ellis) 



The paths of typical electrons from different parts of the cathode are 
shown in Figure 38, where the scale across the axis has been greatly 
exaggerated in order to make the intersections clear. The different 
pencils of rays are found to cross over in or just after the anode aper- 
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ture, in most cases. Each pencil then converges to a point in some plane 
//', giving an image of the cathode. Even in the absence of a bias 
potential, the convergence of individual pencils is so great that the 
‘crossover’ is smaller in diameter than the image so formed, which is 
either a long way beyond the specimen plane or even may be virtual 
i.e. behind the cathode. The application of bias increases convergence 
to the proportions shown, and a crossover occurs in the usually accepted 
sense of the term i.e. a region in which the beam diameter is less than 
that of the cathode itself. The crossover then becomes the effective 
source for the condenser lens. The image II' is now larger and lies not 
far beyond the anode. Further increase in bias causes the effective 
emitting area of the cathode to contract, and the crossover to move 
towards the latter. 

The emergent beam passing to the condenser should have minimum 
divergence so that very little of it strikes the condenser aperture disk 
to excite x-rays and a maximum reaches the object. The shape of the 
anode and cathode surfaces, especially of the apertures in them, must 
be designed so as to counteract as far as possible the divergent action 
of the anode aperture lens. Great attention is paid to these factors in 
developing a gun, particularly for high voltage operation where the 
production of x-rays, by bombardment of metal surfaces by the beam, 
must be kept to a minimum. 

In the usual operating conditions of a biased gun a potential well is 
formed just before the cathode (Figure 39), being defined by thatequi- 
potential surface which is at the voltage of emission of the electrons Vt 
as determined by the temperature of the filament. The emitted elec¬ 
trons have this energy only, and so cannot move across this equipoten- 
tial. The space charge cloud of electrons in the well then becomes the 
effective emitting cathode and replaces the actual cathode in the ray 
diagram (Figure 38), which is not otherwise altered except that the 
crossover is now close to the ‘cathode’. In the intermediate phase before 
space charge conditions arc fully established, they may already prevail 
in a ring-shaped space around the axis, within which the anode field can 
still extract a beam from the cathode itself under conditions of voltage 
saturation. A ‘hollow-beam’ may then be observed on the intermediate 
screen, a bright spot surrounded by a ring. This is a state of affairs to 
be avoided, as explained below. The establishment of space charge 
conditions is connected with the depth of penetration of the anode field 
towards the filament and thus will depend on the position of the fila¬ 
ment as well as on the value of the bias. The filament temperature will 
also have an influence, determining the rate of supply of electrons and 
defining the potential well within which space charge develops. The 
variation of the appearance of the illumination with these factors is 
discussed below. 'Fhcy must all be correctly chosen if the hollow beam 
form is to be avoided. 
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The condenser will image on the specimen the electron distribution 
in a plane that is conjugate to it, at a distance u, for which the rel^ion 
I / r ^ I /u I /y holds, V being the condenser-specimen distance. 1 his 
‘object’ plane may be anywhere in the cathode region, depending on 
the strength of the condenser lens, and it is therefore important to 
examine the electron distribution in various cross sections. At the 
cathode this will depend on the variation in temperature across it and 
possibly on the finish of its surface. It is usually found to vary greatly, 
giving a streaky appearance to the illumination; this is also a condition 
to be avoided. In the space charge cloud the distribution across the axis 
is gaussian or bell-shaped, so that an almost uniform illuminating spot 
is obtained on focusing this plane on to the specimen, the intensity 
falling off sharply on either side. In the crossover the distribution is 
very similar, even when no space charge cloud exists, as each point of 
it receives rays from all parts of the cathode surface as shown in Figure 
38. Hence a reasonably uniform illumination can be obtained even 
from an unbiased gun, or from the intermediate hollow beam condi¬ 
tion- but only at an unduly high angular aperture of illumination. The 
variation of this important quantity with condenser power is elucidated 
on p 81. It has to be kept small if high resolution is sought; this is only 
possible in the intermediate state of emission if the hollow beani itself 
is imaged on the specimen. There is then a danger of multiple image 
formation, which completely spoils the image, or of uneven illumina¬ 
tion from the cathode surface. Hence it is preferable to employ a large 
bias potential and to focus the even distribution in the space charge 
cloud, or just in front of it, on to the specimen. The standard procedure 
to be followed in obtaining these conditions is set out on p 85. 

CONTROL OF STATE OF EMISSION 

The distribution of intensity in the specimen plane will depend, as 
indicated above, on the gun conditions as well as on the condenser 
power, because these will determine the precise state of electron emis¬ 
sion: space charge limited, voltage saturated, or some condition inter¬ 
mediate between these limiting cases. We shall now investigate the 
effect of temperature of the filament, its position relative to the shield 
aperture and the value of the bias potential. The second factor has been 
examined in some detail by Hillier and Ellis for a gun with auto¬ 
matic bias, and all three factors by voN Borries They are all within 
the control of the operator. We shall not consider here those other rele¬ 
vant variables which are in the hands of the designer of the electron 
gun — the shape and diameter of the anode and shield surfaces and 
apertures, and their mutual separation. These are especially important 
in determining the divergence of the beam, and should be chosen so as 
to confine the beam as closely to the axis as possible, a minimum pro¬ 
portion of it striking the anode and the condenser aperture disk. An 
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efficient gun thus excites a minimum of x-rays and delivers a beam of 
maximum intensity on to the object. 

Filament temperature 

We suppose a gun to be operating at constant high voltage and a high 
or intermediate value of the bias potential, the condenser also being at 
/ constant power. Current values quoted, which were obtained with a parti¬ 
cular design of gun, will indicate the relative variation in performance of 
other models under the same variation of conditions. Gradual increase 
in the voltage applied across the filament will cause a rise in the emis¬ 
sion current. When the emission becomes adequate for visibility, at 
about I microamp, a small faint illuminating spot is observed. A slight 
rise in voltage is then enough to expand and intensify the spot and to 
produce a similarly bright ring around it. When the emission is raised 
by a few more tenths of a microamp the central spot vanishes and the 
ring contracts, until a central bright spot is again obtained, but larger 
and more uniform. Further increase in filament voltage produces no 
further change in intensity or appearance. 

The interpretation of this process is that space charge limited condi¬ 
tions are quickly built up as the emission increases. The initial spot is 
an image of the cathode itself, its structure being sometimes clearly 
visible. The ring is from a space charge cloud which forms around the 
axis as the emission increases, the anode field still being relatively 
strong enough to extract electrons direct from the cathode through a 
‘tunnel’ in the surrounding negative field set up by the bias potential. 
A slight further increase in emission leads to such an accumulation of 
electrons in this region as to overcome the effect of the anode field. The 
space charge eventually becomes so great that the latter can extract 
electrons from only a small part of it, at the axis, giving the intense 
illumination finally observed. Further increase in filament temperature 
then cannot add to the beam current which can be withdrawn from 
this cloud. 

It follows that, when operating a biased gun, the filament voltage 
need only be increased up to the point at which no further increase in 
brightness is observed, and the beam current meter shows no further 
rise. This condition is rapidly reached, so that little control of intensity 
ofillumination can be obtained by this means, in contrast with the two- 
electrode gun where the filament heating control is mainly employed 
for varying the illumination. In the biased gun a similar control may, 
however, be exercised by varying the bias potential. When this is done 
the filament voltage should be changed to the corresponding minimum 
value necessary for full space charge conditions. If this is always remem¬ 
bered the life of the filament may be appreciably prolonged beyond 
what it would be if it were always kept at the temperature needed for 
adequate brightness with maximum bias potential. 
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Bias potential . 

A similar variation in illumination but in the reverse serise is observed il 

the bias potential is now decreased from its strong negative value, so that 
emission increases at constant and high filament voltage with other 
conditions as before. The space charge limited emission is gradually 
transformed into saturation emission as the bias approaches zero. 
The spot of illumination gets larger and brighter, since the area from \ 
which the anode field draws electrons increases and at the same time 
total emission rises. When it has risen to 15 microamp or so the space 
charge cloud is partly dissipated and the tip of the filament shows 
bright within a broad ring. The ring enlarges until it has almost 
disappeared at an emission of 30 microamp, the central spot being very 
bright. Beyond this point only the spot remains, falling slightly in in¬ 
tensity as the bias falls to zero. 

The bias control thus gives a useful variation of the beam intensity,' 
especially since (as seen above) the filament control has little influence 
on it. For good results, however, the range of bias which may be used 
is limited, as the image of the cathode usually shows structure i.e. the 
illumination is by no means uniform across it, so that it becomes more 
difficult to get even illumination of the object field of view at low and 
moderate magnifications. At high magnification the field of view is so 
small that non-uniformity in the cathode image is less obtrusive, and 
the bias voltage may profitably be reduced, particularly as greater illu¬ 
mination is needed to give a sufficiently bright image under such high 
magnification. At lower conditions it is desirable, and yields enough 
intensity, to operate with higher negative bias so that the uniform 
distribution of the space charge spot is utilized. In general the cathode 
image (= ‘critical illumination’) should only be used when absolutely 
necessary from the intensity point of view. 

Filament position 

The phenomena described with varying bias are characteristic of a 
three-electrode gun, but the values of voltage and emission at which 
they arc observed depend on the geometry of the shield-filament assem¬ 
bly. Increasing the distance of the filament tip from the shield aperture 
has precisely the same effect as increasing the negative bias, preventing 
the anode field from reaching to the filament and thus setting up space 
charge limited conditions. Vice versa, approaching the filament to the 
aperture is equivalent to lowering the bias and establishing saturation 
emission, with an image of the cathode in the field of view. Hence the 
progression just described in the illumination, brought about by reduc¬ 
ing the bias to zero, may also be produced by advancing the filament 
towards the shield aperture. In one or two electron microscopes where 
the filament position can be varied by remote control while it is in 
operation the changes can be directly observ’ed. 
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In the genei al case these facts are important when initially adj listing a 
filament for insertion in the machine. The character of the illumination 
depends quite critically on the height of the filament; a variation of a 
fraction of a mm will make the difference between getting the cathode 
image or the proper space charge spot, or nothing 
at all, if it is too far back in the shield. Small errors 
of adjustment may be compensated by variation of 
the bias voltage, but the range available is not 
great. It is necessary to set the filament exactly on 
the axis to within o • i mm, and at the correct height 
to within i mm. For this purpose a small jig is 
valuable, as used with the Metropolitan Vickers 
instrument (Figure 40). Even if exact instructions 
are not given by the makers an operator will soon 
discover the height variation which may be toler¬ 
ated, within the available range of correction by 
the bias voltage. If the bias is fixed, as in many 
microscopes, the tolerance is even finer. This is an added reason for 
providing a variable bias, the primary reason being the control it gives 
of the total illumination, which is otherwise only variable in a thrcc- 
electrode gun by defocusing the condenser. 

The operating conditions in a two-electrode gun are less stringent, 
being equivalent to a three-electrode system operated with zero bias 
voltage. That is, a direct image of the cathode is always obtainable, 
the intensity of which may be varied by the filament heating control. 
However, it is often found that a ring of spurious spots appears around 
the true central spot, at almost equal brightness. These are probably 
due to reflection in the aperture, or to electrons initially emitted from 
the back of the filament, the individual spots being identifiable with 
highly emitting areas on the cathode"". Care has to be exercised to 
avoid mistaking one of these for the filament spot, since it is liable to 
vary inconveniently on changing the operating conditions. The true 
spot should change in brightness and not in position on varying the 
filament voltage, and should expand and contract uniformly about the 
centre of the screen, on varying the condenser in conditions of correct 



Figure 40. 
Jig foradjusting 
filament height 
(Metropolitan 
Vickers) 


alignment (p 150). The spurious spots may be eliminated cither by using 
a larger shield aperture of 3 mm (Hilijeu and Baker '"), ora smaller one 
of funnel shape (Cosslett); in the latter case, filament height again 
becomes quite critical. They arc not found to occur in the biased gun 
owing to the negative potential on the shield. 

It may also happen that the filament is so badly displaced as to give 
rise to double images. I'hc most frequent cause is a large off-axis tilt 
of the gun, combined with the defocusing of the condenser that is 
required for high resolving power (ac small). 1 he tilt may bring one of 
the spurious spots as close to the axis as is the central spot, whilst the 





The illuminating system 

defocusing of the condenser expands both until they overlap in the 
specimen plane. The latter is then illuminated by two pencils of rays; 
and corresponding overlapping images, both well focused, will be 
observed so long as the objective lens is slighthy off exact focus, so that 
the specimen does not fall within the very small depth of focus that 
corresponds to the combined width of the two beams (ac very large). 
The individual images can still be in focus, since the depth of focus for 
each separate pencil will be much greater, corresponding to their small 
angular aperture {cf p 86). The same trouble may arise if the filament 
is too near the shield aperture or, in the biased gun, if the bias potential 
is very small, so that a very large image of the source is formed over 
which the intensity of emission will vary considerably, giving the equiva¬ 
lent of a multiple illumination. 

In either instance the fault is less likely to arise from a three-electrode 
gun than from a two-electrode system, since the former rarely shows 
a ring of spots and also has a partial corrective to maladjustment in 
height by variation of the bias potential. It is thus not so serious as in 
earlier days before the biased gun was generally introduced. However, 
it may still occur in the biased gun if the correct space charge condi¬ 
tion has not been attained i.e. if the filament temperature is too low or 
(as stated) the bias potential too low. The outer ring of illumination 
may then act as a second source if the gun is badly tilted. When extreme, 
the error is at once seen and may be corrected by varying the bias. 
A small image overlap may not be at all easy to identify as due to 
multiple illumination but two tests may be applied. The most thorough 
is a through-focal series of photographs in which the objective current 
is progressively varied from above to below focus. However the form 
of trouble caused by tilt will only be detected if the condenser is well 
defocused at the same time, so that care must be taken to do so, 
although it gives lower illumination and longer exposure. A simpler 
test is simply to defocus the condenser and visually observe the image on 
varying the objective through focus, but the image doubling may be 
difficult to differentiate from the normal defocused Tuzz’ until con¬ 
siderable operating experience has been gained. 

ACTION OF CONDENSER 

It is the function of the condenser to accept the beam coming from the 
gun and to project adequate illumination upon the specimen. As the 
strength of the condenser is varied different planes before and behind 
the cathode will be imaged on the object plane. This action can per¬ 
haps be best visualized in reverse, regarding the object 0 as illumina¬ 
ting the condenser lens and being imaged in different positions beyond 
it according to its power. In discussing the variation in angle of illumi¬ 
nation at 0 which results, it will be enough to consider a single point 
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in the specimen and to give diagrams showing the width of the beam 
coming to it from a corresponding point in the conjugate plane P, 
which is in focus at 0 for a particular power of the condenser (Figure 
41). The distribution of intensity in the specimen plane can later be 
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a c 

Figure 41. Variation in focused cross section with condenser 
strength; a critical illumination, 6 range within which aperture is 
filled, r aperture partially filled {after Haine) 

investigated by considering neighbouring points to 0 and the bright¬ 
ness at corresponding points in P; it will be seen at once that the 
condenser will reproduce in the specimen plane the distribution of 
intensity which prevails in the particular conjugate plane P. VVe 
wish to know how this distribution at the specimen, and in the first 
place the angle of the cone of rays converging on it (the angular aper¬ 
ture of illumination ac), will vary as the condenser power is varied. 

Consider a point P on the axis, allow it to take up various positions 
along the axis (corresponding to different planes conjugate to the 
specimen plane) and examine how the illumination actually or vir¬ 
tually passing through it to the condenser will vary with its position. 
When P is at the cathode surface electrons are actually emitted from 
it in all forward directions; the accelerating field draws them into a cone 
(Figure 38) which will nevertheless still be much wider than the con¬ 
denser aperture. The latter will accept all rays within a cone defined 
by its angular size as viewed from the cathode; the limiting rays of this 
cone are shown in Figure 410. In this condition the condenser is imag¬ 
ing the cathode itself in the specimen plane. 

As the power of the condenser is increased the focused plane moves 
towards it and the reference point P' lies now between cathode and 
condenser. The aperture accepts all rays passing through P' up to the 
limiting cone defined by its own diameter. These rays in fact come from a 
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region centred about the original position of P , the intersection of the 
axis with the cathode, the boundary of the contributing area being 
given by producing backwards the limiting cone through P'. As P' 
moves towards the condenser a point is soon reached at which the angle 
of the cone becomes so large that it covers the whole cathode surface 
(Figure 41/-). Similarly when the power of the condenser is decreased, 
and the conjugate plane moves away from it behind the cathode, 
the cone through the reference point decreases in angle and, within 
this, the aperture accepts rays from an increasing area of the cathode 
as the point recedes. The limit is again reached when the whole area 
is included in the cone, as at P" in Figure 41^. Within the limits of 
condenser power corresponding to the imaging of points P through 
P to P' in turn on the specimen plane, the whole of the aperture is filled 
with illumination. Therefore the angular aperture ccc of the illumination 
falling on an object point 0 will also remain constant and equal to 
rcjvc, where rc is the radius of the condenser aperture and Vc the distance 
of the condenser from 0. 

When the condenser is operated at a power outside these limits, the 
corresponding position of P will be either nearer than P or further 
away than P". In either case the cone drawn from it to the rim of the 
aperture will embrace a wider area than the available cathode surface, 
so that part of the cone will not contain illumination; that is, outside 
the above limits the whole of the condenser aperture cannot be filled 
with rays. The part which is so filled may be found by drawing straight 
lines through Px from the rim of the cathode to the aperture plane, as in 
Figure 41c. Now only this area of the aperture (radius Tx) is illuminated 
and can provide illumination for 0 . The effective aperture of illumina¬ 
tion at 0 is correspondingly reduced, being now rxjvc. The value of r* 
can also be related to the cone entering the lens; that is, to the emitting 
area of the cathode (radius r^) and to the distance of Px and cathode 
from the lens, x and c respectively. From Figure 41c it follows that 


^ 

X {c — x) 


Hence we have for the angular aperture of illumination at 0 , 


ac = 


XTf, 


Vc (c— x) 


. . . . (24) 


In a given microscope rf^,c and t’c will be fixed, and variation in conden- 
ser power will vary the distance x. The corresponding variation in etc 
with condenser coil current is shown in Figure 42. It is constant over 
the range of power corresponding to P'U <x < P"Lc, and falls off 
rapidly on either side: on the high power side to a limit fixed by the 
saturation of the magnetic material in the lens, on the low side to that 
fixed by the angular subtension of the cathode at 0, when no current 
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flows in the lens. The intensity of illumination depends on the square 
of the aperture, and thus falls even more rapidly, as shown by the 
broken line in Figure 42. 

The importance of this result is in relation to resolving power, which 
depends on the value of as well as on the 
aberrations of the lenses. Figure 42 shows 
that ac is variable over a wide range 
of values, below a maximum fixed by 
the size of the condenser aperture and 
its distance from the specimen plane. The 
illuminating system of an electron micro¬ 
scope is designed to make this maximum 
value greater than the value which gives 
optimum resolution, in order to provide 
high intensity of illumination for prelimi¬ 
nary focusing, and for routine working 
when high resolution is not sought. 

It should be noted that the above dis¬ 
cussion has assumed simplified conditions 
in the electron gun. In practice the cathode is not circular but linear, 
so that the cathode radius will vary in different planes and Figure 41 
will show corresponding differences if wc imagine it rotated about 
the axis. Secondly, the brightest cross section will not be the cathode 
surface itself but the crossover in front of it (Figure 38), so that rc should 
properly be the radius of the crossover and c its distance from the 
condenser. As neither of these quantities is easy to determine, an 
exact evaluation of ac from equation 24 is not normally possible. In 
practice one observes the effect at the object (as seen on the intermediate 
screen) of varying the condenser current. The intensity of illumination 
remains essentially constant at its maximum value over a small range of 
condenser power, as expected, and falls off rapidly on cither side. But 
as the crossover formed from the width of the cathode wire does not 
fall at the same point on the axis as that formed from its ‘length’ (the 
bend of the hairpin) two bright line images arc formed in quick 
succession as the top of the intensity peak is crossed. However these arc 
normally so much larger than the field of view in the specimen plane as 
to give a sufficiently uniform illumination in the final image. When a 
very small aperture is fitted in the condenser the effect would not be 
visible on the screen, except by the boundary of the illumination moving 
across the field in two directions at right angles, on varying the condenser 
if the system was not properly centred. 

OPTIMUM ILLUMINATING CONDUI IONS 

The impression may be conveyed by the above discussion that the suc¬ 
cessful operation of the gun and condenser system is very complicated, 
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involving as it does the variation of the temperature and position 
of the filament, the bias potential and the condenser current. In prac¬ 
tice standard conditions are quickly found for a given instrument, in 
which the filament position is fixed and the other three variables are 
only changed by a small amount about their mean values, unless, of 
course, a new operating voltage is employed. To make clear the sequence 
of events in getting the illuminating system into an optimum state, 
they will now be set out in order and in simple terms. Even so, more 
time may be used in describing them than in actually carrying out the 
procedures in practice, once they have become familiar. 

FILAMENT ADJUSTMENT 

Careful attention should be paid to instructions provided by the mi¬ 
croscope manufacturers for making and fitting new filaments. As the 
height and centring is critical, a small jig is helpful; Figure 40 shows 
the type recommended for making filaments for the EM^ machine. 
The hairpin is best made long and narrow, with the ends bent off at 
right angles for spotwelding to the supports. It is better to use molyb¬ 
denum-tungsten rather than pure tungsten wire, as it is less liable to 
split or fracture in handling. A type of mount having adjustable screws 
for centring the filament is to be preferred, so that the latter has not to 
be bent about in order to find the right position. A little experience will 
soon show that the centring is more critical than the height adjustment, 
especially in guns which have a small shield aperture. The height is not 
critical to more than about a millimetre in a gun with automatic bias; 
with a variable bias it is even less so as small errors may be compen¬ 
sated by changing the bias, the voltage being increased when the 
filament is too low and vice versa. 

If the filament is too high, too little illumination will be obtained 
in normal operating settings and a very slight bias will be called for. 
Conversely, a very bright illumination, which cannot be reduced with¬ 
out heavy bias, is a sign that the filament is too low (near the aper¬ 
ture). In this case multiple illumination may also be observable. Such 
conditions should not occur, however, if ordinary care is given to the 
preparation of filaments. Bad centring of the filament will lead to the 
illuminating spot being unduly elongated and moving across the field 
of view on varying the bias or condenser setting, in spite of all efforts to 
centre the latter. The remedy here is to fit a new filament, unless 
centring screws are available in its mount, since once it has been heated 
to operating temperature the wire becomes too brittle to be further 
bent. 


FILAMENT TEMPERATURE 

The filament heating control should be turned up just to the point at 
which no further increase in brightness of the illumination is observed. 
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When the bias is varied this optimum filament setting should also be 
checked; smaller bias will allow of a slightly lower operating tempera¬ 
ture. 


BIAS SETTING 

Since the general rule is to operate with as low an illumination as will 
allow visual focusing and reasonably short exposure times, the con¬ 
trol should be set to maximum bias position at the start. If sufficient 
illumination is not obtained on increasing the filament temperature to 
saturation value and on critically focusing the condenser, the bias 
voltage may be reduced until the image is bright enough. It is assumed 
here that the gun and condenser system has already been properly 
centred, as described on p 150, so that axial illumination is reaching 
the viewing screen; otherwise, poor illumination may be simply due to 
poor centring. In the case of automatically biased guns there is no 
choice in the matter of bias, and operating conditions are reached 
directly by turning the filament control up to saturation brightness. 
The only brightness control available is then the condenser lens power. 

CONDENSER POWER 

Varying the condenser power very radically alters the aperture and 
intensity of illumination (Figure 42) and the spot size. As it is advanta¬ 
geous to record the image at a very small angular aperture of illumina¬ 
tion (p 105), it is as well to make it a rule to observe and focus in these 
conditions i.e. with condenser suitably dcfocuscd. When the specimen is 
very sensitive to the beam it will be necessary to observe and focus with 
the minimum tolerable illumination. Starting with a high bias voltage, the 
condenser is critically focused, so that it throws an image of the cathode 
on the specimen, giving a small spot. I he bias may now be reduced 
until brightness is sufficient for observing the image. After focusing the 
objective, the condenser is then defocused for the exposure. Experience 
will show if defocusing the condenser causes a change in the objective 
focus, by interaction either of their electrical supplies or of their mag¬ 
netic fields, requiring a readjustment of the objective for exact focus. 

By adopting this procedure the specimen temperature is kept low; 
also its rate of contamination and that of the apertures and other sur¬ 
faces exposed to the beam arc reduced. The time spent in cleaning such 
apertures and surfaces is thereby reduced and the proportion of good 
photographs increased. The use of an artificial means (‘beam wobbler’) 
of increasing the angular aperture of illumination during focusing 
helps in the same direction, as it makes it easier to focus at low illumi¬ 
nation and so greatly enhances the depth of focus effccl that any re¬ 
setting of the objective should be unnecessary. 
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DEPTH OF FIELD 


f 


Under the illumination provided by the gun and condenser the objec¬ 
tive and projector lenses produce images of points in the specimen. 
As already mentioned, there is a limit to the closeness of approach 
of two points at which they can be resolved in the image, conditioned 
by aberrations of the lenses and diffraction of the electrons. The 
variation of these defects with the aperture of illumination is dis¬ 
cussed below (p 98). There is a corresponding limit to the size of an 
isolated individual point which is still visible at all in the image. The 
existence of a limiting diameter results in a depth of focus effect in the 
objective lens; that is, there is a range within which the fine focus con¬ 
trol produces no visible departure from best focus in the image. Alter¬ 
natively viewed, the object point could be moved over a small axial 
distance above and below its true position, without changing the size 
of the corresponding image point. When the object is relatively thick 
this means that several planes of interest will be in focus at the same 
time. For a given degree of resolution, the depth of this focal range 
depends on the angular aperture of the illumination. 

A similar effect occurs in the optical microscope but, owing to the 
large illuminating apertures used, the depth of specimen in focus is 
only of the same order as the resolving power and focusing is corre¬ 
spondingly extremely sharp, in terms of axial shift of the microscope 
tube. The small aperture of the beam in the electron microscope, 
although necessitated by defects in the lenses, has the positive advan¬ 
tage of giving a large focal depth, which facilitates exploration of 
relatively thick specimens, allows stereophotography to be readily 
practised, and makes focusing less critical than might have been expec¬ 
ted. The focal depth is often absolutely as well as relatively greater 
than in an optical microscope of high power. As a result the electron 
microscope can be used to examine replicas of fracture surfaces of 


metals which are too rugged for direct optical observation. 

The term ‘depth of focus^ properly refers to the corresponding effect 
in the image space: the range over which the recording plate can be 
displaced without producing a loss of focus, within prescribed limits. 
These limits involve the grain size of the photographic emulsion, as 
well as considerations of lens defects (cf p 112). Hence the term ‘depth 
of field’ will be used here, as in light optics, for the permissible shift of 
the object within the resolution limit set by lens defects. A schematic 
diagram of the ray paths is shown in Figure 44, where 0 is the ‘true 
focal plane of the objective lens. If d is the diameter of the disk of con¬ 
fusion as calculated from the measured lens defects, then all points 


above and below 0 which are smaller than in diameter will appear in 

equally as good focus as 0, provided that they are contained within 
the cone of illumination centred on 0, or any similar cone with apex 
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in the plane of 0 . This cone is determined by the angular aperture of 
illumination, its semi-vertical angle being ac. Hence as the aperture is 
reduced the depth of field D increases in proportion, since (for small 
angles) ac = djDy and is a fixed quantity. This is equivalent to the 



Figure 43. Variation in depth of field 
with condenser current for specimens of 
differing scattering power (after Hillier) 
{ax = mean angle of scattering of elec¬ 
trons in specimen) 



Figure 44. Depth of 
field within which 
thcobjectO isimaged 
with a given degree 
of confusion 


standard photographic practice of stopping down a lens in order to 
increase the region in simultaneous focus. In the electron microscope 
the aperture may be reduced either by control of the condenser power, 
as above described, or by limiting the beam accepted by the objective 
lens by inserting a physical aperture in it. If the angle ac is limited to 
io“ * the depth of field will be 10 ijl for a resolution of 100 A, or i micron 
for a resolution of 10 A. 

It follows that the variation in the depth of field with condenser 
power is the reciprocal of the effect which this has on illuminating aper¬ 
ture (Figure 42). The resulting relation is shown in Figure 43; the 
different curves refer to specimens of varying scattering power. The 
depth of field is given in microns and also in terms of the permissible 
variation of objective lens current. The depth officld may be as great as 
50 (or I per cent of/) for lightly scattering specimens, with the condenser 
lens well dcfocused, and the latitude in setting the objective fine focus is 
correspondingly large. With heavily scattering matter, however, such 
as thickly shadowed specimens, the beam will be scattered through 
angles of ihcorder of the maximum valucofac (r/pp 93, 260); hence con¬ 
denser variation has little effect and the depth officld is uniformly less, 
falling even below i [x. Most specimens are in practice thinner than this 
so that usually the whole of a specimen will still be in focus on the 
viewing screen at once, although only within a much smaller range 
of the focusing control. It is only in the case of spatially distributed 
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material, such as oxide smokes or fibres, that readjustment of the focus¬ 
ing control is needed to bring different regions into successive focus, 
as in light microscopy. 

The above figures are given for particular conditions of construction 
and operation; a focal length of 4 mm and a limiting resolution of 25 A. 
The depth of field will be proportional to the value assumed for the 
resolution, and clearly larger depth is obtainable if we are content with 
poorer resolution. On the other hand, if we are seeking very high reso¬ 
lution the depth in focus becomes small and the setting of the focusing 
controls so much the more critical. It is then desirable to defocus the 
condenser when making the record, for two reasons; first, the achiev¬ 
able resolution is thereby increased {cf p 104), and secondly the depth 
of field is increased and focusing errors correspondingly offset. Unfor¬ 
tunately, the intensity of illumination decreases as the illuminating aper¬ 
ture is decreased and it becomes difficult to focus accurately under such 
conditions. Therefore the procedure often adopted is to focus at large 
illuminating aperture, at or near the condenser setting for brightest 
illumination, and then to defocus the latter before exposing the 
plate. The small depth of focus obtaining at wide aperture allows sharp 
setting of the objective focusing control, and any small error is covered 
by the increase in depth of field on defocusing the condenser. This 
procedure can only be followed when the current supplies to the 
several lenses are independent, as otherwise the objective power will 
change on defocusing the condenser. In such a case the necessary re¬ 
adjustment of the former must be found by direct observation or by 
taking photographs at different settings of the objective fine focus; a 
sensitive ammeter for the latter is then most desirable, so that re-setting 
is done by meter reading. An alternative means of fine focusing is to 
use a deflection system, or beam wobbler, as described below, which 
artificially increases the beam angle and thus sharpens the focal setting, 
without involving the increase in intensity which full operation of the 
condenser entails. For specimens which are liable to damage in the 
beam, therefore, the use of a deflection system is especially to be re¬ 
commended. It is almost impossible to focus adequately in conditions 
of low illumination without it. 

BEAM DEFLECTOR FOR FINE FOCUSING 

The precision with which the final image may be focused depends on 
the fineness with which the objective lens current can be varied, on the 
vision of the observer and on the depth of field in the object space. As¬ 
suming that the fine focus control is sufficiently finely variable and that 
the total magnification employed is adequate enough to enlarge points 
on the resolution limit until they are within the resolving power of the 
eye, there then remains the depth of field effect described above. The 
image will remain in visually good focus while the current control is 
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varied over the range corresponding to the depth of field under the 
given value of <tc\ that is, while the loss of resolution on defocusing 
the objective does not exceed the limiting resolving power of the objec¬ 
tive. The more the condenser is defocused, to get high resolution, the 
greater becomes the depth of field and hence the range of variation of 
the objective setting over which the eye can detect no change in the 
sharpness of the image. For reasonably good illuminating conditions 
and with operating experience it is enough if this range is ‘bracketed’, 
and the fine focus control set at the middle of the range for photo¬ 
graphy. But when the illumination is low, or the specimen is very poor 
in contrast, it is difficult for even a skilled observer to define the focus¬ 
ing range sufficiently accurately. It is then valuable to be able to 
increase the angular aperture of illumination greatly beyond its usual 
value, so as to reduce the depth of field correspondingly and to limit 
the in-focus range of the objective control. The larger aperture also 
increases astigmatic and comatic effects in the image, which will be 
least evident in exact focus. The simplest method would be to insert a 
larger aperture in the condenser lens, as proposed by Hillier and 
Baker’". But this demands another vacuum-tight adjustment, since it 
must be made while the microscope is in operation if full 
benefit of its use is to be obtained. It is preferable to use 
electrostatic or magnetic fields to deflect the beam from 
side to side over an appreciable angle, which was about 
I0“- radian in the system as first described by Le Poole 
The depth of focus is then some fifteen times smaller than 
in normal working conditions, and departure from exact 
focus is correspondingly easier to observe. By using 
alternating fields the focus is made very critical. 

-The deflecting fields arc fitted between condenser and 
specimen. They first bend the beam away from the axis 
and then back towards it, so that it still crosses it at or 
near the specimen. This requires two fields i.e. two pairs 
of deflecting plates or coils, one below the other. In the 
electrostatic case each plate can bo about i cm broad and 
2 to 3 cm in length, according to the space available 
(Figure 45). A potential i //of a few hundred volts across 
each pair is then adequate to increase the aperture of 
the beam from the usual value of below lO"® to about 
radian, giving a ratio of ten to twenty times for the 
reduction in the depth of field. It is preferable to have 
the two pairs separately connected so that the voltage on 
the lower pair can be varied until the illumination is properly directed 
on to the specimen. The plates must be cross-connected so that the 
successive deflections arc in opposed directions. The mains alternating 
voltage can be employed, or a square wave supply can be set up ifadded 
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sharpness of focus is sought; in most instances simple AC is adequate. 
The most critical matter is the parallel alignment of the two sets of 
plates; unless they are true the beam will be deflected sideways and will 
not return to the axis at all. They must be inspected very carefully and 
finally aligned under a low power optical microscope. The best final 
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Figure 46. Magnetic deflecting coils for 

beam-wobbler 


test is to reflect a beam of light through the plates, from a microscope 
lamp for instance. The plates should in any case be highly polished. 

Owing to this alignment difficulty, also to contamination troubles 
with the electrostatic method, it is preferable to employ deflecting 
coils, wound as flat rings and fixed to a brass tube concentric with the 
microscope axis. The coils need to be cross-connected as in Figure 46 
in order to produce the required double deflection of the beam. The 
number of ampere turns required for a 60 kv beam is of the order of 
a hundred, depending on the diameter and separation of the coils and 
on the position in which they are fixed below the condenser. It is 
practicable to have the coils farther apart than the plates used for elec¬ 
trostatic focusing, so that contamination is less likely; in any case it 
would affect only the supporting tube and not interfere with the essen¬ 
tial action of the deflectors. Ifthe microscope column is ofsmall diameter 
the coils may even be placed outside it. It is also rather easier to adjust 
and fix coils than plates, although there is the disadvantage that an 
optical test of alignment is not now possible. 

Either system of deflection is used in the same way in practice. When 
the best unaided focus has been obtained the deflector s\vitch is pressed 
and the fine focus control operated in the new conditions, A setting 
giving sharpest focus will soon be found, very closely defined by the 
appearance of a flutter of the image on the slightest movement of the 
control to either side. If the deflector switch is now released the image 
should stay in exact focus. If it does not, the system is not properly 
set up. 

. A further development of the beam deflector is to introduce a second 


90 



Beam deflector for fine focusing 


set of coils (or plates) to deflect the beam in a similar way in a plane 
at right angles to the first deflection If the second field is then ar¬ 
ranged to be a quarter of a cycleoutofphase with the first field, the resul¬ 
tant deflection of the beam will be around a circular path. The illumina¬ 
ting beam will thus traverse the surface of a cone, with apex at the 
specimen, when the adjustments are properly made. This accen¬ 
tuates any astigmatism that may be present in the objective lens, so that 
it reaches visible proportions and can be estimated as to magnitude and 
direction. The use of such an illuminating system in conjunction with 
correcting devices for astigmatism is described on p 157; it can, of 
course, also be used for fine focusing estimation by switching off one 
of the deflecting fields. 



5 

THE IMAGING SYSTEM 


The imaging system consists of a train of lenses which together produce 
a high total magnification of the specimen. The objective lens, or first 
stage, is followed by one or more projector lenses to form a two-, three- 
or four-stage magnifying system. The elements of the construction and 
functioning of these lenses will be described in this chapter, leading to a 
consideration of resolving power and the use of apertures. 

THE OBJECTIVE LENS 

The function of the objective lens is to form an enlarged image of the 
specimen in a plane suitable for subsequent further enlargement by 
the projector lenses. This image will be afflicted by aberrations, arising 
from defects of the objective as compared with a perfect lens, and the 
conditions of construction and operation must be so chosen as to reduce 
aberrations to a minimum i.e. to give optimum resolution. In particu¬ 
lar, the objective focal length must be made as short as is practicable. 

The specimen must be situated close to the focal plane of the objec¬ 
tive in order to obtain a high magnification at the given image distance, 
which is fixed by the column connecting this lens and the projector. 
In a reasonably compact instrument a primary magnification of loo X 
can be achieved with a focal length of 2 to 5 mm. This can be obtained, 
at the accelerating voltages demanded for adequate penetration, by 
producing an intense magnetic field over an axial region of similar 
extent. As pointed out on p 35, such a field may be produced by passing 
current through a coil of many turns surrounded by an iron jacket 
having a narrow magnetic gap at the axis. The ampere turns required 
may vary from 1,000 to 5,000, depending on the beam voltage and 

focal length; that is, a current of about an ampere flowing in a winding 

of a few thousand turns of copper wire must be provided. 

The construction of a typical objective is shown in Figure 47, with 
the iron jacket Z), the winding E and the non-magnetic spacing piece B. 
The magnetic circuit is extended to the axis by the two hollow conical pole 
pieces P P, made of soft iron or special steel, which make good contact 
with the iron on either side of the spacer 6 and are separated by a free 
gap of the order of a few mm. In this way the required intensity of 
focusing field is set up over a region of a few cubic mm in volume. The 
pole pieces are usually joined rigidly together by a brass intermediate 
piece, and can be removed as a whole for periodic cleaning. In some 
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instruments they are separately removable, however, being fitted with 
flanges or distance pieces to locate them in correct position with respect 
to 6. The pole pieces cannot be symmetrical in this type of construc¬ 
tion, as the upper has to admit the specimen holder; in any case, only 
the part of the field below the object is effective in focusing. In most 
microscopes the bore of the two pole pieces is the same, but in the Sie¬ 
mens type the lower has a reduced bore in order to give a focal length 
of 2 mm at minimum, while allowing an object holder of 4 mm diam 
to be introduced into the upper pole piece. In instruments such as the 
Philips model, where the specimen is introduced from the side between 
the poles rather than from above, the lens may be made completely 
symmetrical. There is then however no object chamber through which 
the pole piece can be readily removed for cleaning. The reduction of 
contamination and the procedure for cleaning apertures and pole 
pieces are discussed on p 178. Here it need only be said that the greatest 
care must be exercised in removing and handling these units. Gloves or 
tissue paper should be used to hold them, or the fingers should first be 
well cleaned with an organic solvent. The pole pieces should not be 
dropped or scratched or otherwise subjected to mechanical shock. 
Before being replaced, they must be carefully polished internally to 
remove grease and foreign matter, and externally in order to prevent 
the introduction of particles into the gap between pole piece and lens 
bore. They must be replaced in the exact rotational orientation which 
they originally occupied, and locating marks should be made to ensure 
that this is so, preferably after finding the orientation which gives least 
astigmatism icf p 153)* If pole pieces should stick when attempting to 
remove them they must not be tapped out. After making sure that the 
current to the lens is switched off they should be firmly pushed with a 
rodofwoodorsoft metal. In the worst case they may have to be shrunk 
with solid carbon dioxide in order to remove them. 

INTRODUCTION OF SPECIMEN 

The specimen, suitably prepared and mounted as described in chapter 
8, is placed in a non-magnctic holder which is inserted directly into the 
objective pole piece. It is supported in a stage that can be translated in 
two directions at right angles by exterior controls in order to bring 
different areas into the field of view. The specimen support most used 
is a copper or nickel grid of 200 meshes to the inch and 3 mm diam. 
The free spaces in the grid are about 75 y. square, whereas at a total 
magnification of 10,000 X the field of view will be only about 5 y. 
square. The stage motion usually allows the searching of at least several 
spaces in each direction. The controls employ a fine screw and some 
form of reducing mechanism to ensure that the motion is adequately 
fine; in some instruments they are calibrated so that a given spot may 
be readily re-located. For this purpose, it is essential that the controls 
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are free of backlash and that the two directions of motion are constant, 
with absence of side slip. 

It is also important that the object holder should seat firmly in the 
stage, and that the whole should not be subject to vibration. When the 
column is tapped there should be no motion of the image. Trouble may 
arise from the object holder not being firmly fixed in the stage or from 
the stage itself not being sufficiently rigidly held. There may also be 
excess friction between the stage and its supports, so that it is left in an 
unstable position on ceasing to move it by the external controls. It is 
therefore a good rule always to tap the column lightly after bringing a 
desired field into view, and before exposing a plate. Absence of vibra¬ 
tion in the object seating is mainly a matter of design, but it can be 
encouraged by firmly pressing the holder into position when inserting 
it in the stage. Good contact is also essential in the interests of rapid 
conduction of the heat absorbed by the object from the electron beam, 
so as to minimize temperature rise in the specimen. 

A related difficulty is that of ensuring that the object always appears 
in the same axial position, so that its distance from the focal point of 
the objective is the same and the magnification constant. Where size 
estimation is not critical to within 5 to 10 per cent, a set of interchange¬ 
able specimen holders can easily be made with sufficient accuracy. 
But if a magnification error of no more than i per cent is sought the 
object position must be reproducible to the same degree, which means 
to within one thousandth of an inch when the focal length is 2-5 
mm. In such a case it is essential to carry out the magnification 
calibration (cf p 135) with the actual object holder to be used, and to 
retain this holder for the whole series of experiments in which high 
accuracy is required. Care must be taken to see that no dust particles 
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or object debris are allowed to settle on the bearing surfaces of the holder 
or on the surface on which it rests in the microscope. 

FORMATION OF INTERMEDIATE IMAGE AND ORIGIN OF 

CONTRAST 

With the object in position, the strength of the objective {i.e. its focal 
length) is varied with the resistance control in the current supply, until 
the object is sufficiently near the focal point for a magnified image to 
be formed in the focal plane of the projector lens. The continuous varia¬ 
tion of lens power takes the place of motion of the whole microscope 
column, which is necessary when focusing an optical microscope. Assum¬ 
ing for simplicity that the cathode is imaged on the object by the con¬ 
denser lens, the paths of rays from object 0 to intermediate image /i are 
as shown in Figure 48. Electrons are scattered (or, in the wave inter¬ 
pretation, are diffracted) from features of higher density in the specimen, 
so that a still more divergent cone enters the objective. A part of this 
cone, as defined by a physical aperture in the lens or by an effective 
stop in a subsequent plane, forms the intermediate image. Unless the 
angular aperture of this cone is greater than an amount given by 
diffraction theory {cf p 98), the information imparted to the imaging 
beam by interaction with the object will be insufficient to enable a true 
image to be formed, and the resolving power will be poor. As will ap¬ 
pear on p 104 a compromise has to be reached in practice between 
increasing the angle on account of diffraction and reducing it on ac¬ 
count of the confusion caused by spherical aberration in the lens. 

Some regions in the object may be physically dense enough to absorb 
a considerable part of the incident beam and thus give lise to contrast 
in the same way as with image formation in the light microscope. In 
specimens of the thickness usually used in electron microscopy, how¬ 
ever, absorption is small and differences in the local amount of illumina¬ 
tion reaching different parts of the image arc mainly due to radical 
scattering in the object. 'I'he scattering of the beam decreases rapidly 
with angle, but the effective aperture of an electron microscope is so 
small that an appreciable proportion of the scattered beam falls outside 
it, leaving a corresponding deficiency in the final image, ficnee tou¬ 
tcast arises mainly b\' diflercntial scattering as between diffcicnt paits 
of the specimen. If llie aperture were wide enough, and if the lens were 
perfect, all these scattered electrons would be focused into tlie image and 
reunited in the point conjugate to each scattering point, so tliat no 
contrast would arise witli an imaging system of large aperture and zero 
aberration. In fact, even in the absence of an aperture stop, the aber¬ 
rations will fail to unite the scattered electrons in the same point with 
those passing near to the lens axis; the spherical error will cause rays of 
wider angle to be focused at a different point, and the chromatic error 
will bring those which have lost energy [i.e. increased their wavelength) 
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in the scattering process to a different focus from those which suffer no 
energy loss. The result will be a diffuse background over the image. The 
introduction of a physical aperture will eliminate the widely scattered 
rays, clearing up the background and thus greatly increasing the clarity 
and contrast of the image (see below). The resolving power is im¬ 
proved, since the effect of spherical aberration is greatly diminished, as 
discussed on p 105. 

It thus appears that the image forming process differs in principle 
from that obtaining in the optical microscope. There it is differential 
absorption of light which gives rise to visible differences in various 
parts of the image, and it is possible to apply stains to the specimen in 
such a way as to accentuate different structures at will. In electron 
microscopy the electron density over the image depends on the scat¬ 
tering power of the corresponding parts of the object. The amount of 
scattering through a given angle is approximately proportional to the 
physical density, atomic number and thickness of the matter com¬ 
posing the specimen, and inversely proportional to the square of the 
voltage of the beam. As the product of density and thickness gives the 
mass per unit area, this ‘mass density^ is a convenient measure of 
the scattering power of the specimen, especially when (as in biological 
specimens) the atomic number of most of the elements present (oxygen, 
carbon, nitrogen) is much the same. 

It follows that the amount of scattering is not closely dependent on 
the chemical nature of the specimen, so that little information on this 
subject can be derived from electron micrographs, even when the thick¬ 
ness is known. In a specimen of varying thickness, dense regions in the 
picture may represent either thick parts or the presence of elements of 
high atomic number. In any case, relative densities will be very much 
dependent on the characteristics of the recording emulsion, as von 
Borries ® has shown. More information may be obtained by examining 
the loss in energy which some electrons have suffered in traversing the 
object. However this requires a velocity analyser to be fitted in place 
of the camera chamber, and is a very specialized technique the value 
of which is still undecided (Hillier**^, Ruthemann^®). 

The variation of electron scattering with angle has been investigated 
theoretically by Scherzer Ramberg and von Borries in 
particular. For the elements usually present in specimens it appears 
that, after a sharp initial fall in the scattered intensity immediately on 
either side of the direction of the incident beam, there is a relatively 
slow decrease up to an angle of about io“^ radian, after which there is a 
further sharp fall. A physical aperture will stop more or less of these 
scattered electrons, depending on its size and the focal length of the 
objective. In a lens of/ = 4 mm a semi-angle of lO"^ will be subtended 
by an aperture of diameter 80 (x placed at the centre of the lens. It will 
eliminate from the imaging beam all electrons scattered at wider an- 
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gles, so that contrast will be improved by its insertion; a diaphragm of 
this relative size is therefore often termed a ‘contrast aperture*. Further 
decrease in its size will produce a progressive improvement in contrast, 
but no radical effect will be observed until it corresponds to an angular 
subtension of about io~^ radian. Its physical diameter would then need 
to be about 8 (i, which is not only difficult to make but also hard to 
centre accurately and to keep free of contamination. Iji addition, such 
a small aperture runs into the limitation on truthful imaging set by 
diffraction effects (p 98). When no external centring device is fitted to 
the microscope it is simplest, and produces enough contrast, to fit an 
aperture of 75 to 100 t^, which can be drilled sufficiently central to 
admit the imaging beam without further adjustment. When centring 
can be conducted during operation of the instrument, an aperture of 
20 to 40 (JL may be fitted and considerable further enhancement of con¬ 
trast in the micrograph thus obtained. The location of the aperture has 
been discussed by Ellis and by Marton '®; for normal working 
conditions it is best placed in the centre of the objective pole gap. 

To return to the imaging process; the ray paths in Figure 48, and the 
discussion so far, hold for given values of the beam voltage and lens 
power. When the voltage is raised there will be a corresponding in¬ 
crease in the focal length of the lens, if the supply current remains con¬ 
stant (^equation 16, p 35). At the same time the amount of scattering 
at a given angle will fall, the transmitted electrons becoming more con¬ 
centrated into the forward direction. The first effect causes the inter¬ 
mediate image to go out of focus as its distance from the objective is 
fixed. This can be rectified by increasing the current energizing the 
lens so that the focal length is restored to its previous value; from 
equation 16 it follows that a given change in voltage will require 
approximately half as much change in current, since the lens power 
depends on the square of the exciting current. In this way the objective 
focal plane can be maintained at the specimen as the voltage is raised, 
thus avoiding changing the objective separation. A limit is set by the 
magnetic saturation of the pole pieces, since they can carry no more 
than a definite maximum of flux, according to their geometry and the 
nature of the material from which they are made (r/Figure 20). On 
this account a given objective lens will not continue to give a specified 
focal length when the beam voltage exceeds a definite value, alterna¬ 
tively, at a given voltage its focal length cannot be reduced below a 
definite minimum. In order to work at a higher voltage it would be 
necessary to move the specimen farther away from the lens, giving a 
longer focus and correspondingly smaller magnification in the first 
stage. Commercial microscopes are designed to operate with lenses 
some way removed from saturation even at maximum voltage. It may 
well be that in principle the modified field distribution that appears at 
saturation corresponds to a higher resolving power, as has been claimed. 
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The danger arises that some parts of the poles will reach saturation 
before others, giving rise to distortion of the symmetry of the field and 
introducing serious astigmatism which will more than offset the im¬ 
provement in other aberrations. Operation near saturation is therefore 

to be avoided. 

The decrease in scattering which accompanies increase in voltage 
might be expected to cause a diminution of contrast in the final image. 
If the same physical aperture is kept in the objective, more of the scat¬ 
tered electrons will pass through it as the voltage is raised. It is found 
in practice, however, that the decrease in contrast which results is less 
than expected [cf p 127). It can be countered also by reducing the 
size of the aperture, though there is a limit to the size of hole which it is 
practicable to use both from the point of view of drilling it and from 
that of fouling by contaminating deposits. Satisfactory results have been 
obtained at voltages up to 400 kv and reasons advanced for expecting 
adequate image contrast even at i • 4 Mev Within the range of oper¬ 
ation of present commercial microscopes, little change in contrast is 
visible on varying the voltage. 


RESOLVING POWER 

EFFECT OF DIFFRACTION 

The above discussion has made use of the corpuscular picture of the 
electron, regarding it as scattered by atoms in much the same way as 
peas off billiard balls. For discussing the important geometrical aber¬ 
rations of lenses (spherical aberration and astigmatism) and their effect 
on the image, this picture still suffices (pp 103, 153); but the influence 
of the size of aperture on the amount of detail in the image {i>e. the 
resolving power) can only be discussed in terms of the wave picture. 
The same state of affairs obtains in light optics, where a complete wave 
theory of aberrations is of comparatively modern conception. In elec¬ 
tron optics attempts have been made to set up a wave treatment of the 
geometrical errors^"’ but it is simpler and physically more under¬ 
standable to retain the corpuscular picture. The resulting estimate of 
resolution then errs on the conservative side. We shall here consider the 
diffraction which occurs at the object and the aperture, and its effect 
on the image, in wave terms on the lines of optical theory and sub¬ 
sequently combine the results with those obtained for the field errors 
by the alternative method. 

Opaque object points 

If we now regard the specimen as illuminated by electron waves, instead 
of by a stream of particles, Figure 490 represents the effect beyond 
it, in place of Figure 48. A plane wave arriving from a point source and 


98 



Resolving power 


incident on a row of opaque object points A, 6, C,. . . will be diffrac¬ 
ted from them by an amount that will vary with angle, as measured 
from the axis. Most of the wave will usually travel on in the axial direc¬ 
tion and be focused by the lens system to corresponding points A', B\ 



Figure 49. a. Diffraction of beam at illuminated object, forming image / and first- 
order spectrum S/. Inset: path difference, b. Diffraction when illumination is oblique 


C' ... in the image plane. The diffracted beams will also be focused 
by the lens and, if this is perfect, will arrive at the same image points. 
However, as they will have travelled paths of different lengths accor¬ 
ding to the angle at which they were diffracted from the object into the 
lens, they will arrive at the image in differing phases. That is, waves 
diffracted from a given point A (say) will arrive at A' out of step with 
each other, some as peaks, some as troughs and others at all intermediate 
stages. Hence in general they will interfere with each other and give a 
small or zero resultant intensity. But in some preferred direction, charac¬ 
terized by the diffraction angle 0, it will happen that waves from 
successive object points will all arrive at the lens, and then at the image, 
in step and will reinforce the direct rays. The condition for this is that 
the illumination should be coherent {i.e. derived from a single point 
source) and that each wave should travel a path differing by a whole 
number of wavelengths from that of the others. In mathematical terms, 

as derived from Figure 49 ^> may be stated as 

n d sin 0 .... (25) 

where A is the wavelength, d the separation of the object points, 0 the 
angle at which reinforcement occurs, and n is any whole number. In 
the simplest case, when n = i, each successive path differs from the 
next by one wavelength, and the diffracted beam is said to be of the 
first order {0 = Oi). Clearly this condition will be satisfied, not only 
in the plane of the diagram, but in all directions making the angle Oj 
with the axis i.e. the first order diffraction beam will occupy a cone of 
this semi-angle about the axis. The second order beam will appear at 
an angle 0 ^ such that sin 0^ = 2 sin 0^ and so on, but each higher 
order will be successively weaker, owing to the falling off of intensity 
with angle, corresponding to the decrease in scattering with angle in 
the corpuscular picture. 

The effect of these various beams upon the amount of detail in an 
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image is shown in Figure 50* It is found that if the undiffracted beam 
alone is focused no differentiation of the separate object points appears 
(Figure 50a). If, however, the lens diameter (or aperture) is made 
large enough to include the first order of diffraction, the main features 
of the object are reproduced in the image (Figure 50^). Increase in 
aperture so as to admit higher orders imparts an increasing faithfulness 
to the image. In practice it is sufficient to employ an aperture large 
enough to pass the first order beam, and the resolving power is evalu¬ 
ated for this condition. 

On this basis Figure 49a shows the passage of two rays of the first 
order diffracted beam from each object point to its image point. It 
will be seen that all the rays of a given diffracted beam entering the 
lens parallel to each other must intersect in the back focal plane of the 
lens. This plane thus carries a ‘spectrum’, produced by diffraction at 
the object, in the form of a set of bright points (or lines, if the object 
details are linear) in which the intensity is slightly spread about a 
central peak as shown. In the present case the spectrum consists of the 
central beam and a ring around it, since the diffracted beam is a cone 
which intersects the plane of the diagram in the points S^. The ad¬ 
mission of higher orders will produce diffraction rings of increasing 
diameter. This diffraction pattern from the object may be focused by a 
suitable following lens on to the final viewing screen, and it is by this 
means that electron diffraction is carried out in the new three-stage 
microscopes (^ p 115). 

For our present purpose it is more important to examine the con¬ 
tribution made by these diffracted beams to the intensity in the image 
plane. As they arrive there in phase with the direct beam they will 
reinforce it. Hence the intensity at any image point A' is due to the 
direct beam plus the focused cone of first order diffraction (and of 
higher orders, if admitted by the aperture). The distribution of inten¬ 
sity about each true ‘point’ image is peak-shaped as shown; the greater 
the number of orders which contribute to it, the sharper it becomes. 
\Vhen the first order only is admitted the peaks are rather broad, falling 
to pronounced minima and then passing through a series of maxima and 
minima of rapidly decreasing size, with increasing distance from the 
axis. 

That a limit of resolution must exist becomes clear if we take a lens 
aperture of fixed size, subtending an angle at the object, and allow 
the separation of the object points to be decreased. From equation 25, 
with n = I, the angle 0 ^ at which the first order of diffraction appears 
will increase in this process until it becomes greater than <xo. The first 
order then falls outside the aperture and the image is formed by the 
central, undiffracted beam alone. As already stated, the image then 
fails to show the object points as separate entities; thus they are ‘not 
resolved’. The limit of resolution is thus given by ao = 0 ^, so that 
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X X 

d^~. -.... 26) 

sm oto ao 

where d is the separation of object points which just allows the first 
order to fall within the aperture, for a given illuminating wavelength X; 
since no is always small in electron microscopy, we may equate it to its 
sine. As the object must be very close to the focal point for high magni¬ 
fication we may further write ccq = RjJ ^or all practical purposes, where 
R is the radius of the aperture. 

We thus have a simple relationship between the aperture employed 

and the minimum object distance which can be resolved in the image for 

opaque objects illuminated by parallel radiation. It was first obtained 
by Abbe, who also pointed out that it should be sufficient for resolution 
if only a part of the diffracted cone of first order fell within the aper¬ 
ture, in order to impose differentiation upon the direct beam. The 
resolution can therefore be improved by tilting the illuminating beam 
to form an angle 0 i with the axis. The limiting case is now reached 
when the beam axis just falls within the aperture at one rim, and the 
first order beam just falls within it at the diametrically opposite point 
(Figure 49A). The diffracted beam then occupies an angle equal to the 
full width of the aperture instead of half of it when the illumination is 
axial. The resolving power is thus doubled by using illumination con¬ 
verging in a cone of semi-angle a^. There is optical evidence in con¬ 
firmation of this result. No similar improvement has yet been shown in 
electron microscopy, probably on account of the difficulty of adjusting 

the illuminating beam accurately to the 
required angle, which is here of the 
order of io~^ radian. 


b Central beam and first prder 
side beams 


b 

Figure 50. Formation of image b Figure 51. Diffraction of illumination 

of grating from direct beam a and from self-luminous points: a single point, 

first diffraction maxima c (after b overlapping images of two points 

Gabor) 

Luminous objects 

When the object points are self-luminous a different approach is 
required, the illumination being now incoherent i.e. incapable of 
interference. The lens aperture is then regarded as limiting the amount 
of information passed to the image, since it passes only a portion of the 
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total wavefront emitted from a given object point. The result is that 
the image consists of a spread of intensity about a central peak (the 
Airey disk), instead of a geometrical point (Figure 51). When there 
are two neighbouring luminous object points the wavefront from each 
suffers this type of diffraction at the lens aperture. The effect at the 
image will depend on the shape of the aperture. When it is circular, as 
here assumed, the corresponding images will be disks each with a cen¬ 
tral maximum and concentric subsidiary minima and maxima. When 
the two patterns fall clear of each other the two points may be recog¬ 
nized as such in the image. However, as the corresponding object 
points are brought closer together, the diffraction patterns overlap 
increasingly and finally cannot be distinguished one from the other. 
In practice this limit will depend on the nature of the viewing screen 
or photographic plate employed for recording, and on the skill of the 
observer. For the purpose of comparing the performances of micro¬ 
scopes it is usual to adopt a conventional limit to the power of distin¬ 
guishing two overlapping diffraction disks: the condition in which the 
first minimum of intensity due to one point coincides with the central 
maximum ofits next neighbour (Figure 51/*). If the two disks are equal 
they are then separated by the radius r of their first minimum. The com¬ 
bined intensity variation which results is such that the trough between 
the peaks corresponds to a drop in intensity of 25 per cent. In prac¬ 
tice the eye can distinguish still smaller changes in intensity but this 
convention gives a simple standard of comparison, erring on the con¬ 
servative side. It can then be shown that the corresponding resolved 
separation of object points <4 is related to the measured quantities thus 


T 0-61 X 



where a^, as before, is the angular size of the aperture and M is the 
magnification. 

The theory of image resolution has been given at some length as it 
is essential in microscopy to understand the effect of varying the aper¬ 
ture size or conditions of illumination on the performance of the 
system. It has been discussed on the lines worked out for light optics, 
where there is normally a clear distinction between self-luminous and 
non-self-luminous objects. In electron optics the distinction is not so 
clear as might appear at first sight. AVhen the object is sufficiently thick 
for multiple scattering of the electrons to occur in their passage through 
it, the emitted beam which passes to the objective lens can no longer 
be treated as if it came from a common illuminating source (it has lost 
‘coherence’), and should be treated as coming from separate luminous 
points in the object. The illumination also approaches complete inco¬ 
herence when the source is focused on the specimen, the usual viewing 
condition, with condenser adjusted for maximum brightness. In these 
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cases the resolving power should be given by equation 27 rather than 
by equation 26, with the appropriate electron wavelength inserted. 
Equation 26 will apply whenever the specimen is thin enough for 
single electron scattering only to occur, and when the condenser 
aperture is small. As the better resolution indicated by equation 27 is 
in any case masked by other factors in thick specimens, it is sufficiently 
accurate for all practical purposes for equation 26 to be used always for 
the limiting resolving power. In either case it follows that it is advan¬ 
tageous to employ as large an aperture as possible in order to increase 
the resolving power, that is, to reduce the resolved separation. 

EFFECT OF ABERRATIONS 

In the optical microscope the lens system is so perfect that apertures 
practically up to a complete hemisphere about the objeqt may be used. 
In electron lenses it is still impossible to correct the field aberrations. As 
they increase with aperture a compromise has to be reached in balanc¬ 
ing their effect against that of diffraction. 

Paraxial 
focal plane 



Spherical aberration 

The only important error from this point of view is spherical ^t)crra- 
tion. Astigmatism may also be considerable, but may be corrected by 
additional fields, as described on p 156. Spherical aberration arises when 
zones of the lens farther from the axis have a different refractive power 
from the axial zone. The marginal focal length may in principle be 
greater or less than the paraxial value, but in electron lenses it is always 
shorter i.e. rays passing through the ntarginal zones arc focused nearer 
to the lens than arc paraxial rays. This condition is styled positive 
spherical aberration, and is depicted in Figure 52. The result is to give 
a spread of focal points along the axis, the extent of which t,,,) 

measures the ‘longitudinal spherical aberration’. This is the important 
fact in practical consideration of lenses but for discussion of resolving 
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power it is more convenient to refer to the size of the disk produced 
by these beams where they intersect the paraxial focal plane, at Fp. The 
result will be a disk of radially diminishing intensity about the true 
focal point, and the radius of this disk bs is taken as a measure of the 
radial spherical aberration. It will be seen from the ray diagram that 
this is not the minimum cross section of the focused beam, which will 
occur at D somewhere between Fp and Fm- This ‘disk of least confusion’ 
might allow a slightly greater resolution to be obtained in practice 
than expected from the conservative estimate provided by the conven¬ 
tional measure bs. 

It may be proved that the spherical aberration depends on the third 
power of the aperture: 

= Cs-a^ .... (28) 

where Cs is a factor (of the dimensions of a length) determined by the 
strength and distribution of the magnetic field and by the voltage of 
the beam. It follows that the aperture should be kept as small as possi¬ 
ble in the interests of high resolution. It is convenient to regard two 
points as resolved, in the presence of spherical aberration, if the centre 
of the aberration disk due to one falls at the rim of that due to the other 
i.e. when they are separated by the radius of this disk <55. 

« 

Combined aberration 

In order to improve resolution we thus require to increase the aperture 
on diffraction grounds but to reduce it on account of spherical aberra¬ 
tion. The best compromise is still a matter of discussion since it is diffi¬ 
cult to determine how the two effects add when superimposed. A safe 
conclusion, hitherto usually adopted, is to treat them as error functions 
and to take the geometric mean as giving the total aberration 

Sr=\(rf^+ Sj) ... .(29) 

On substituting for d and bs from equations 26 and 28 we can by dif¬ 
ferentiation find that value of the aperture which makes the total error 
a minimum; it is called the optimum aperture ax and the corresponding 
error the optimum resolution bx (in Angstrom units). We find 

= ( y -s T c ') ^ and Sx= 1 

• JL 

= 750 (g f“^)* . . . .(30) 

Thus there is a critical aperture size, for a given wavelength {i.e. accele¬ 
rating voltage), which will make the resolution a maximum. For a 
60 kv beam we have >. = o ■ 05 A, and Cs as measured for a good mag¬ 
netic lens is of the order of i cm. The equations 30 then give bx= 10 ■ 5 A 
and 6 = 4 X iO“^ These results neglect chromatic aberration but 
give a reasonable agreement with the best resolution achieved in prac- 
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tice of 12 to 15 A The measured value of Cs will include some contri¬ 
bution from other field errors and is itself subject to experimental error. 
The value obtained theoretically by Glaser for the bell-shaped field 
of equation 20 is shown graphically in Figure 53 in its dependence on 
the lens power parameter hr of equation 19. Practical lenses operate 
in the region A- = o • 5 to i ■ o, where Csjf = 2 to o • 5. For a focal length 
of 2 mm we have Cs = o ■ 4 to o ■ i cm and values of — 8 • 4 and 5 • 9 A. 
Hence this field distribution would allow a substantially better resolu¬ 
tion than so far attained in practice. 

The important practical conclusion from the above discussion is that 
there is an optimum lens aperture for any given set of operating con¬ 
ditions. At 60 kv and 2 mm focal length this proved to be a;c = 4 x io-=* 
for Cs = I cm. This corresponds to a physical aperture of 2 x 2 x 4 
= 16 situated at the centre of the lens, which is an entirely practi¬ 
cable size of hole to drill or etch in a metal disk. It is more difficult, 
however, to ensure that the hole is central to the same degree of accu¬ 
racy and it is desirable to have the aperture adjustable across the axis 
by external controls. The disk may be of platinum or of copper, the 
former being rather easier to clean [cf p 178). The accumulation of 
non-conducting deposits limits the useful life of an aperture in situ; they 
impair the circular symmetry of the hole and acquire electrostatic 
charges which may cause large astigmatism. It is possible to dispense 
with the aperture and still obtain high resolution if the lenses are very 
accurately centred and the illumination conditions are very carefully 
controlled either with the condenser’® or by means of an auxiliary 
objective lens of unit magnification ®®’ However, such operation is only 

to be attempted after considerable experience of the electron micro¬ 
scope has been obtained and when the very highest resolution is to be 
sought. For all normal purposes it is better to employ a physical aper¬ 
ture of rather larger than the 
size mentioned (say, 20to40(x) 
and to remove it for regular 
cleaning. The new instruments 
all permit external adjustment 
of the aperture in situ and its 
easy removal for cleaning. 

The use of an aperture also 
improves the contrast in the 
image, as discussed above,by the 
elimination of scattered elec¬ 
trons. Since scattering is only a 
corpuscular way of describing diffraction effects, the useful size ot 
aperture proves to be of the same order on either basis of consideration, 
20 to 40 according to the objective focal length. A smaller size will 
indeed improve the contrast still further but only at the expense of 
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resolutionj owing to the elimination of first order diffracted beams 
corresponding to progressively larger object separations. 

It will be seen from equation 30 that the optimum resolution and 
aperture depend on the operating voltage, since both A and Cs depend 
on the voltage. The wavelength depends on the reciprocal of the root 
of the voltage, whereas the value of Cs increases with voltage (Figure 
53), since this corresponds to decrease in the factor . It has been 
shown by Cosslett " that there is a slight advantage in resolving 
power to be gained by high voltage operation, since the increase of G 
is rather more than offset by decreasing A, but as proves to depend 

on the gain is very small. Over the usually available range of vol¬ 
tage the change in resolution is not noticeable; the main reason for 
varying the voltage is to increase the penetrating power of the beam, 

and secondarily to vary the contrast. 

In conclusion it must be mentioned that the above discussion of the 
effect of aperture on resolution assumed the incident illumination to be 
effectively parallel to the axis, scattering at the specimen giving it the 
angular aperture in the objective. If it comes from the condenser as 
a cone of semi-angle ac the resolution will be impaired except when a 
physical aperture of optimum subtension <xx is fitted. When a larger 
physical aperture is employed, or none at all, the angular aperture of the 
diffracted beam of first order will be (ao + i^istead of as with 
parallel illumination. The resolving power will then be reduced, since 
spherical aberration depends on the third power of the effective aper¬ 
ture of the beam. At the same time other aberrations, and especially 
astigmatism, become important in magnitude as the illuminating angle 
increases. When the condenser aperture is sufficiently large to permit 
an angle of iO“^ or more it is sometimes possible to observe astigmatic 
effects with the naked eye if the condenser is adjusted to critical focus 
and the objective then varied through focus. 

The importance of the condenser now becomes clear; it controls 
the illuminating angle, and thus the resolving power, so long as an 
aperture larger than the critical size is used, or none at all. At critical 
focus it supplies maximum illumination, but in a cone of maximum 
angle (^Figure 42) and therefore with poor resolution in the image. 
As it is defocused, in either direction from the critical state, the illumi¬ 
nating cone decreases rapidly in angle. Although the intensity falls 
correspondingly the resolution improves at the same time. It is thus 
advantageous to defocus as far as the difficulties of visual focusing 
allow, when high resolution is sought, so that the illuminating beam 
at the object is as nearly parallel as possible. 

LIMIT OF DETECTION 

Resolving power, as above discussed, is defined in terms of the ability 
to distinguish separate images of two closely spaced object points. No 
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reliable evidence as to the shape of these objects will be obtainable 
unless they are several times larger than the resolving power with 
which they are observed. The factor involved will depend on the degree 
of departure of the object from circular form (in plan): along rod can 
be recognized as such even at the resolving limit, whereas a square can 
only be differentiated from a circle if the linear resolving power is four 
times smaller than its side. 

The relation of particle shape to resolving power has been discussed 
by VON Borries and Kausche®-^ in order to establish how many times 
greater than the resolving power a particle must be for a specified depar¬ 
ture from circular section to be detectable. For instance, he estimates 
that an octagonal particle must have an average diameter of ten times S.r 
for it to be distinguished from a circle, while a square need only be four 
times as great. In general, if the section of the particle is a polygon of;; 
sides (n > 6), then it needs to be approximately 4 nln times greater 
than 8.t before it can be clearly recognized as such. Seeliger ob¬ 
tains a factor of about half this value, apparently on the assumption 
of greater discrimination for the eye. It would be very desirable to 
have quantitative confirmation of these results by observing various 
regular crystals in the electron microscope. In general, however, it can be 
said that the sharpness of re-entrant angles provides a better qualitative 
estimate of the resolution in an electron micrograph. A good specimen 
for such purposes is one of the metal oxide smokes, such as magnesium 

or zinc oxide. r 1 i- 

The problem of shape discrimination is related to that of the limit 

of detection of individual particles, which will now be briefly discussed; 
it will arise again in connection with the question of the visibility of 
individual atoms (p 255). Isolated particles, ifvery different mphysical 
density from their surroundings, can be detected when their size is 
considerably less than that of the resolving power as above defined. 
The total amount of scattering which they impose upon the beam is 
then the determining factor in visibility. A quantitative calculation 
is not easy but it appears that a particle completely opaque to electrons 
would be detectable when its diameter was several times smaller than 
the resolving power. An exact relation between the limit for single and 
paired particles would be useful to have, since in electron microscopy 
it is very much a matter of chance to find two particles of the limiting 
size sufliciently close together for the resolving power to be estimated 
in the correct manner, in terms of light optical practice. It is imich 
easier to find the smallest detectable particle in a field of view. Hop¬ 
kins has shown that in the optical case an opaque disk three times 
smaller than the resolving power should produce a contrast of 20 per 
cent and therefore be visible. In the case of a line the same contrast 
limit ;s not reached until it is 1/12 of the resolving limit. These conclu¬ 
sions have so far received no confirmation in electron microscopy, 



The imaging system 


although it is often observed that particles are visible which are much 
smaller than the estimated resolving power. There is a great deal to be 
said for defining the resolution of an electron microscope in terms of 
the visibility of single particles, rather than as the power to separate 
two neighbours, as being a more practicable procedure. The practical 
estimation of resolution is discussed further below (p 142), but in the 
absence of agreed standards it has to be said that any figure quoted is 
of little value without a statement of the method by which it was ob¬ 
tained. The whole question is now being considered by an international 
committee of electron microscopists, and it is to be hoped that a gener¬ 
ally acceptable standard may be recommended. 

THE PROJECTOR LENS 

The intermediate image formed by the objective lens is further magni¬ 
fied by the projector lens. In three-stage microscopes there is also an 
intermediate lens, as will be discussed on p 113. The process ofimage 
formation in the projector lens is essentially the same as in the objec¬ 
tive, in that an object (i.f. the intermediate image) in its front focal 
plane is imaged with high magnification at a large image distance. The 
imaging rays again cross over in the back focal plane of the lens. How¬ 
ever, there are several important differences between the two stages. 
In the first place the whole extent of the lens field now takes part in the 
imaging process, whereas in the objective the upper part of the field, 
before the position of the object, is effective only in changing the paths 
of the illuminating beam. Secondly, the image forming pencil of rays 
from a given object point has a very small cross section at the projector, 
whereas it fills practically the whole aperture of the objective. As a 
result the effect of aberrations in the projector is very different, and 
much less serious, than in the objective. Thirdly, the projector pole 
pieces may be made symmetrical, since the specimen does not have 
to be accommodated, with the result that it can be made of shorter 

focal length than the objective. This 
is in any case found to be desirable in 
order to minimize distortion, so that 
it is usual for the main magnification 
to take place in the projector stage. 

The effective focusing action of 
the whole lens field in a projector 
(Figure 54) gives it a longer focal 
length than the same lens would have 
when used as an objective at the same excitation current. In the objec¬ 
tive the image forming pencil originates from the axis and emerges 
from the lens practically parallel to it. This pencil thus enters the pro¬ 
jector almost parallel to the axis and, passing through the back focus, 
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is still affected by the field that extends beyond it. Here it is bent back 
towards the axis, as is always the case in a magnetic lens, so that it emerges 
with a decreased slope as compared with that which it had at the back 
focus, which corresponds to its point of origin in the objective. Hence 
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Figure 55. Variation of 
magnification (« *//) 
and lens current with 
objcctdistancc />, in pro¬ 
jector (after Ruska) 


Figure 56. Ray 
pencils in 
projector 


its projection backwards to give the principal plane yields a longs'^ 
focal distance than for the objective, as shown. At low power the diffey 
ence is not appreciable, since the focus may then he outside the field, 
but as the current (and thus is increased, the focus approaches the 
centre of the lens. At a power given by k"^ = 3 ^e imaging pencil cros¬ 
ses the axis at the centre of the lens. As noted on p 39 this gives the 
minimum focal length (maximum power) of the lens as an objective, 
but will correspond to a projector of zero power. That is, the rays suffer 
as much deviation away from the axis in the second part of the lens as 
towards it in the first half, and leave as they entered, parallel to the 
axis. For this reason it may be observed when operating the projector 
control of the electron microscope that the magnification of the image 
rises to a maximum and then begins to dimmish, when the increase 
of power achieved in the first half of the field is outbalanced by the 
opposing action of the field beyond the back focus. It is usually not 
possible to follow this process very far as the control resistance is so 
chosen as to cover the useful operating range only and to prewnt 

saturation of the pole pieces by the passage of too high a current 11 e 

variation in focal length with excitation of a typical projector lens is 

'^The second major difference between projector and objective relates 
to the angular size of the imaging pencils. As Figure 56 shows, the 
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pencil corresponding to each image point is very narrow when it 
reaches the projector. Its angular size as compared with that at the 
object is given by ijm, if m is the magnification. Hence if an aper¬ 
ture of 5 X 10“^ is employed in the objective, with % = loo X, the 
pencil will cross the intermediate image plane in a cone of semi-angle 
5 X 10“^ only. This is at the focus of the projector, so that with/= 2 mm 
the maximum diameter of the cone in the centre of this lens will be 
only o ■ 2 [X. The emergent beam will be again reduced in angular width 
in proportion to the magnification in this stage, so that the whole pen¬ 
cil reaching the image point will subtend only iO“® radian if m^ = 
100. This gives a great depth of focus in the image space, as discussed 
on p 112. 


DISTORTION 

As the pencil to each image point occupies only a very small part of the 
projector field the presence of aberrations in this lens affects the image 
in a different manner from that described for the objective. A varia¬ 
tion in focusing properties with aperture will now appear as a differen¬ 
tial shift of each image point with respect to the axis, instead of as a con¬ 
fusion of each image point such as arises in the objective where rays from 
each point occupy the whole aperture (Figure 48). Thus astigmatism 
now gives two focal lines for the picture as a whole rather than for each 
image point individually. Hence when astigmatism is present in the 
projector the image will show different magnification in two directions 
at right angles; whereas passage through focus in an astigmatic objective 
causes each spot in the picture to be elongated first in one direction and 
then in the other. It is thus possible to decide at once the location of an 
astigmatism. 

More important, the presence of spherical aberration, which in the 
objective causes a spread of each image point (Figure 52), leads in the 
projector to a variation in magnification across the image as a whole. 
As the outer parts of the lens field are relatively too strong, pencils 
passing through them are refracted more sharply than those near the 
axis, with the result that they cross it earlier and then strike the image 
plane at a greater distance from the axis than expected. Consequently 
the outer parts of the image are magnified more than the paraxial 
region. A set of concentric circles will still appear as such, but with 
increasing exaggeration of the radius. On the other hand, a square grid 
will experience greater magnification at the corners than elsewhere 
and will be imaged with sides convex to the axis. This aberration is 
known as distortion, and the particular form as pincushion distortion 
(Figure 57^). It can usually be observed in electron microscopes when 
the projector is reduced to very low power. The magnification in this 
stage being then very small, the width of intermediate image selected 
for final imaging is relatively large and covers a wider area of the 
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projector field. Since the amount of distortion, as of spherical aberra¬ 
tion, increases with the cube of the distance of a pencil from the axis, 
the effect on the image rises rapidly as the projector power falls. It is 
this phenomenon which sets a lower limit to the useful magnification 
that can be achieved in an electron microscope with a given set of pole 
pieces. The range can be extended lower by increasing the bore of the 
projector lens, so as to reduce the relative area occupied by the imaging 
pencils, but at the cost of a corresponding reduction in the maximum 
magnification attainable. The designer thus has to strike a compromise, 
depending on the range of magnification which the user is likely to 
need and on the amount of distortion which can be tolerated; this is 
usually about 5 per cent, in terms of the increase in marginal magni¬ 
fication compared with the paraxial value. Alternatively, a set of inter¬ 
changeable projector lenses may be provided, or three-stage construction 
employed. In the latter case it is then possible to use one stage to give a 
virtual image (p 113) and so to cover a wide range continuously. It then 
happens that the rays emerging from the lens do not cross over the axis, 
as shown in Figure 54 for a normal projector, with the result that the 
image formed shows a radial decrease in magnification. If this exceeds the 
pincushion distortion in the other stage the net result is a barrel distor¬ 
tion (Figure 57^2). There will be a balance point at which the distor¬ 
tions mutually cancel and the image will be distortionless, as first 
pointed out by Hillier Unfortunately, this can only be arranged 

for one value of the magnification. 

It should be mentioned that a rotational distortion also occurs owing 

to variation in the rotation of the image with radius, since the lens 
power increases in this direction. As a result the lines of a gnd would 
appear slightly curved in the radial direction, as well as in the direction 
across the radius, so that a square is distorted into a parallelogram 

k 


Fiirurc ^7 Barrel clLstortion, b pincushion distortion, c ctTcct of 

rotational distortion 

(Figure .tvc). However this efl'cct is not usually visible unless the magni- 
Lation is very low. It can be eliminated by having the energizing 
currents flowing in opposite directions m the two parts of a double 

projector lens. 
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DEPTH OF FOCUS IN THE IMAGE SPACE 

As the cross section of the imaging pencils emerging from the projector 
is very small the viewing screen (or recording plate) may be moved 
over a large axial range without producing visible defocusing of the 
image. This gives a wide latitude in the placing of the screen and 
camera. It is even possible to have the screen at the distance corre¬ 
sponding to the magnification required for viewing, and then to insert the 
camera much closer to the projector, taking the picture on 35 mm film 
and subsequently re-enlarging. It also permits the projector power to 
be varied over a wide range, to change the magnification, without the 
final image passing out of focus. 

The depth of focus available depends on the size of the imaging 
pencils and on the confusion that can be tolerated in each image point. 
The pencil size depends on the initial illuminating aperture and on the 
total magnification, as stated above. The tolerable confusion disk in 
the image is governed by the discrimination of the eye in viewing the 
direct image on the screen or, if later enlargement is made, on the final 
print. In the latter instance the ultimate limit is set by the size of grain 
in the photographic emulsion. The resolving power of the eye, in the 
conditions of electron microscopy, may be taken as o ■ 2 mm; the grain 
size of the fluorescent material of the screen should be much below this 
and may be neglected. With optimum aperture and a magnification of 
10,000, as assumed above, the final imaging pencils will have a dia¬ 
meter in the projector of o ■ 2 and a semi-angle of 5 X 10“’. The screen 
may then be moved right up to the projector and, on the other side of 
true focus, by a distance of o • 02 / (2 X 5 X I0“’) cm, or 200 m, without 
visible defocusing occurring. Alternatively, a corresponding variation 
in the projector setting may be made without visible defocusing of the 

image; that is, the final magnification may be varied over a wide range 

without refocusing the objective. If provision is made for a subsequent 
enlargement of 5 x, when a lens of corresponding power should be 
used for visual focusing, the permissible depth of focus becomes 40 m. 
If maximum enlargement is sought, up to the limit of resolution of a 
photographic plate, of (say) 10 (x, the depth of focus would still be 10 m. 
However in such circumstances it would be difficult to focus the image 
even with a high-powered telescope owing to the grain size of the 
screen. It is possible, nevertheless, to take advantage of the finer photo¬ 
graphic grain by making a series of exposures through focus, judged 
from measurement of objective current as described in chapter 7. 

In any case it is clear that a very large depth of focus is available in 
the image space as compared with optical photomicrography. The 
same conclusion may be deduced, of course, from the large depth of 
field in the object space (p 86). The tolerable disk of confusion was 
there evaluated in terms of the resolving power, which is in turn related 
to the optimum illuminating aperture. The corresponding conditions 
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in the image space will be a confusion disk larger in proportion to the 
magnification, and a pencil angle smaller in the same ratio. Consequent¬ 
ly the depth of focus is equal to M- x the depth of field. In terms of the 
example on p 87 the depth of focus for a resolution of 100 A would 
then be 10 X 10,000- ix = 1,000 m, in agreement with the estimate 
derived above when account is taken of the five terms larger aperture 
assumed here. 

The practical consequence is that the position of the plate is not 
critical with respect to the screen, and that the objective setting needs 
little if any change when the magnification is varied by the projector 
control. It must be noted, however, that the setting of the objective 
control in the first place needs to be highly exact. Even if the depth of 
field is 10 IX, the relative change in objective focus will be 10/2,000 or 
I part in 200, for a focal length of 2 mm. When a very high resolution 
is sought e,g. 20 A, the depth of field reduces to o • 2 |x and the relative 
change in focal length to i part in 10,000. Similarly when testing an 
objective for astigmatism and using a very small illuminating aperture, 
the required variation in objective power will again be small. It is thus 
essential to have a very fine focusing control for the objective lens, and 
preferably a meter for reading the current supply with corresponding 

accuracy. 

THE DOUBLE PROJECTOR LENS 

Three-stage construction offers an advantage in compactness, lange of 
magnification and freedom from distortion in comparison with the 
earlier two-stage system, as pointed out on p 50. It is attained by em¬ 
ploying two projector lenses, the first of which will be termed the inter¬ 
mediate lens Li as its functions arc in part dilTcrcnt from those of a 
projector, which arc still entirely fulfilled by the final lens. Wc shall 
here describe the mechanism of image formation in the three distinct 
modes of use of the intermediate lens, which may also be used to produce 

electron diffraction patterns. 

In the high magnification range the intermediate lens is used as a 
first projector in just the same way as the second projector; it throws a 
real second image of the first intermediate image (Figure 580) into the 
focal plane of the last lens. The process ofimage formation is essentially 
the same as already discussed for a single projector, except that the- 
maximum magnification will be higher (60,000 to 100,000 x) and die 
final depth of focus greater, owing to the smaller angle of the imaging 
pencils. In both lenses the pencils cross the axis so that both produce 
pincushion distortion. It is convenient for the intermediate lens to have 
large bore long minimum focal length (2 cm, for instance) and maximum 
magnification of the order of 10 X. The final projector is operated 
usually at constant power, with a magnification of 100 x or more, so 
that only a small part of its field is used and the distortion is small. If a 
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field of only i mm diam in the focal plane of the latter is imaged, this 
is all that the intermediate lens need fill. At a magnification of lO X, 
it in turn will select for imaging a disk of only i /1 o mm diam from the 
first intermediate image. With its large bore the distortion over this 





Figure 58. Three-stage electron microscope: a high magnification, b Ef¬ 
fraction, c first low magnification range, d second low magnification 

range (Cuallice) 
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field is then very small. In the high magnification range, therefore, the 
overall distortion is as small as in the two-stage instrument. 

As the power of the intermediate lens is now reduced its object 
distance increases for a fixed image distance, as given by the distance 
to the projector focal plane. That is, the intermediate lens images into 
this plane an object plane which is progressively nearer to the objective 
lens. The power of the latter must then be increased, in order to keep 
the first image / in the right position for L/. This soon becomes 
impossible, below a total magnification of about i,ooo X, as the 
increasing divergence of the beams from the objective leads to bad 
distortion in the intermediate stage. However, further decrease in the 
power of Li reaches the point at which it is weak enough to focus the 
back focal plane of the objective into the plane I2. As we have seen, a dif¬ 
fraction spectrum due to the object appears in this plane (p 99), and 
thus will now appear magnified on the viewing screen. Alternatively 
considered, as in Figure 58^, the intermediate lens is now so weak that 
the rays from the objective are not converged by it, but emerge parallel 
to each other. As the initial incident illumination is almost parallel, 
this is equivalent to producing an image of the source in the plane /2, 
and ultimately in the final image plane. This is another way of stating 
the condition for producing diffraction patterns, the central spot of 
which is always an image of the source of illumination. 

It is thus possible to produce diffraction patterns when the objective 
and projector are in their normal settings and the intermediate lens is 
reduced to a magnification of about unity. The patterns will only be 
regular and interpretable, of course, if the object is crystalline, having 
regularly spaced diffracting planes. There will no longer be a simple 
relation (equation 25) between this spacing and the pattern dimensions, 
and the evaluation is best made by comparison with the pattern of 
some standard substance such as lithium fluoride, which gives well 
defined rings. It will be seen from Figure 58b that a limiting ‘diffrac¬ 
tion aperture’ can be placed in the position of the front focal plane of 
L/ in these operating conditions, to define the pattern-forming beam. 
It takes the place of the objective aperture in removing diffusely scat¬ 
tered electrons; the latter aperture must be removed when diffraction 
is practised. By reducing the size of the diffraction diaphragm the area 
of t^he object from which the pattern is produced may be made of the 
order of a few microns in diameter. An adjustable diaphragm then 
allows point-by-point exploration of the object for crystalline constitu- 

ents. , . ... 

If the power of the intermediate lens is still further reduced it will 

be imaging some plane above the objective i.e. on the same side as 
the object itself. By reduction of the objective power at the same time 
an image can still be obtained on the screen at very low magnification. 
As shown in Figure 58c, the objective is now so weak that it fails to 
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converge the pencils passing through it, which thus effectively diverge 
from a ‘virtual’ object above it. This image distance will be greater 
than the object distance, so that the objective still gives a magnificaUon 
greater than unity. On the other hand the distance of this first image 
from the intermediate lens will now be more than the second image 
distance, since U is normally placed about half way between U and Ip. 
Hence the second stage has a magnification of less than unity. On pass¬ 
ing through the diffraction setting, therefore, one observes the appear¬ 
ance of an image of low magnification and high distortion, owing to 
the divergence of the pencils at the second intermediate image. As L/ 
is further decreased in power its object plane recedes even further, and 
the objective has to be increased slightly in power in order to converge 
the pencils more, so that the first ‘virtual’ image recedes at the same 
rate. The objective magnification thus increases, and that of L/ con¬ 
tinues to decrease. In the region at which distortion is again tolerable 
the overall magnification becomes about 500 X. It is illuminating to 
study the precise way in which the various distances change during 
this process in the numerical example given by Chaluce®^ 

Still further reduction in the power of the intermediate lens brings it 
to the point where its focal length is equal to the distance of the ^cond 
image from it, so that it can accept only parallel illumination. Corre¬ 
spondingly, the objective must produce a first image at infinity, and the 
pencils passing from it to L, will be parallel. The combined mapifica- 
tion in these two stages will still be real and equal to the ratio of the focal 
length of the two lenses in these operating conditions. 

As the intermediate lens is now weakened still more it will be accep¬ 
ting converging pencils for focusing into its image plane. This corre¬ 
sponds to imaging a virtual object situated below it (Figure 58^), and 
the objective must be increased in power to produce the first iniage, 
now again real, in this plane instead of at infinity. The intermediate 
magnification will remain fractional since this plane is farther from it 
than is the second image plane. On the other hand the objective magni¬ 
fication will be very large, for the same reason. As the objective is now 
further increased in power the first image will approach closer to the 
projector lens, so that L/ must be progressively decreased in power in 
order to focus it into the focal plane of the latter. The intermediate 
magnification thus rises towards unity, when the first image falls in the 
second image plane. The system is then acting simply as a two-stage 
microscope, the magnification of the first stage being given by the ratio 
of the distance of the objective from the projector to the objective focal 


length. , 

the whole range covered, therefore, runs from very high niagnihca- 

tion when all three stages are fully used, down to zero in the diffraction 

condition, and up to an intermediate figure of several thousand tirnes, 

given by the maximum attainable by objective and projector operating 
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as a two-stage system. The range immediately on either side of diffrac¬ 
tion is unusable, owing to the high distortion. The latter end of the 
range, however, is very free from distortion since in this condition 
(Figure ^Sd) the beams forming the intermediate image do not cross 
over the axis; a barrel distortion is caused which offsets the pincushion 
type given by the final lens. 

OPERATION OF IMAGING SYSTEM 

The control of the imaging conditions follows from the above considera¬ 
tions. The object must be firmly fixed in its holder and the holder m 
turn firmly secured in the stage plate. For any setting of the projector 
lens(es) it should then be possible to form an image on the viewing 
screen by varying the objective control. In the two-stage instrument 
an intermediate screen is provided which aids the adjustment of the 
illuminating conditions and the focusing ofthe first image. If no image 
appears it may be that a bar of the supporting grid completely covers 
the field of view, and the stage controls must be operated to traverse 

the specimen across the axis. , j 

Having obtained an image, it should then be adjusted to aproxi- 

mately the magnification needed for inspection by means of the pro¬ 
jector^controls. This magnification will naturally depend on the size 
ofthe object details to be inspected. In any case it is useful to start with 
a low or moderate magnification, giving a relatively large field of view 
for preliminary searching. The fine focus control of the objective allow 
exact focus to be obtained for detailed visual inspection, which wil 
normally be made with the illumination in or close to the critical 
condition (p 8i), giving good image brightness. When a field has bee 
seleLd for photography it is brought to the required magnification 
with the projector control, re-focused with the fine control of the objec¬ 
tive and the condenser then de-focused. The minimum aperture of 
the illuminating beam necessary for high resolution is thus provided. 
Experience will show whether it may be necessary to re-focus the 
objLtive after de-focusing the condenser; if illumination is now too 
wiak the bias control may be turned up in compensation. 
ofthe plate or film is then made for the estimated time required by th^e 
intensity of illumination and by the speed of the emulsion employed. 
It is important to observe the image carefully [ot some seconds before 
exposurl to detect any slow drift or flutter which may be occurring. 
Thl; causes and possible cure of such troubles are dealt with on p 171. 

dark field microscopy 

The above discussion ofthe theory and practice of electron has 

been solely concerned with bright field conditions, which the beam 
directlv tr^ansmitted through the object is accepted by the objective 
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aperture for image-formation. Some scattered electrons are also accep¬ 
ted, within a cone of angle defined by the ratio of aperture diameter to 
focal length, but with thin specimens the main part of the illumination 
contributing to the image consists of unscattered electrons (^p 218). 

Electron 
gun 

Condenser 
aperture 

Object 
Objective 

aperture q b c 

Figure 59. Dark field microscopy: 
a axial condenser stop, h tilted illumination, 

c axial objective stop 



As in light microscopy, however, it is also possible to form images by 
focusing the scattered electrons only, to the exclusion of the direct 
beam. Dense regions of the object, which scatter heavily, will then 
appear bright and transparent areas will be dark since they cause no 
scattering. The final image as seen on the viewing screen will therefore 
be the reverse of that normally obtained, so far as contrast goes, con¬ 
sisting of bright objects on a dark background. Hence the term ‘dark 
field’, which is applied to this method of microscopy. In light optics it 
allows a rather higher resolution to be obtained than in bright field 
operation, and gives an even better detection limit of independent 
particles in the special conditions of the ‘ultramicroscope’. In electron 
microscopy it has not so far received a great deal of attention, no im¬ 
provement on the resolution in bright field has yet been recorded, 
but even so there are conditions in which it shows an advantage over 
the latter method of observation. 

The necessary condition of accepting only scattered beams may be 
obtained in one of three ways; by blocking the axial path of the beam 
through the objective (Figure 59^), by blocking it in the condenser, 
so that the object is illuminated by a hollow beam (Figure 59^)) o*" W 
tilting the beam so that its axis does not pass through the aperture 
(Figure 59^). The last two methods may be employed with an objective 
aperture of normal type with a central hole, whereas the first requires 
an aperture in the form of an annular ring, which is difficult to make 
and to align. However, Hall has designed a simple form of stop 
for attachment directly to the object holder. The annular aperture 
needed for the condenser in the second method is larger, and not so 
critical in construction and centring. By far the easiest procedure is 
simply to tilt the illuminating beam slightly, since this adjustment is 
provided for all electron guns; indeed, dark field images are often 
obtained accidentally, when aligning the microscope. The smaller the 
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Figure 6o. 


a briffht field, b dark field, image of elch pit in aluminium; 
oxide replica (x i 3 > 500 ) (Cavendish Laboratory) 


objective aperture employed the less is the necessary tilt; a clear diameter 
of 'to to 100 n e;ives adequate beam-gathering area without being very 
difficult to fit. Wn so. a high initial beam intensity is required since 
only the scattered electrons are gathered. Fortunately the efficiency 
of scattering, as compared with absorption, is much greater for elec¬ 
trons than for light, so that the high-powered s^ources needed 

dark field work do not have to be imitated. The development of biased 

electron guns allows sufficient intensity to be obtained simply by 
relaxing the bias from the value normally used for bright field micro¬ 
scopy, combined if necessary by an increase m the fi ament current. 
Nevertheless it will still be found in most cases that a longer exposure 

is required than in bright field working. ... 

The dark field image obtained will show variations in contrast accoi- 

ding to the thickness and nature of the various parts of the object 
(Fieures 6o 6i). In bright field microscopy the image intensity de¬ 
crees with object thickness, just because of scattering of electrons|^out 
of the beam and ultimately from their absorption also. In dark field 
microscopy, correspondingly, the illumination at first increases with 
thickness as more and more electrons are scattered into the ape. turc. 
However, beyond an optimum thickness the brightness fal s again, 
owing to most of the beam being scattered through an even wider mean 
angle than that presented by the aperture and because part of i is 
completely absorbed in the object (von BoRRiEsand Rusk,v ). ,4 d‘' ^ 
region in the image may indicate either a transparent or a completcly 
opaque region in the object. Increasing the accelerating vo tage will 
increase the thickness at which a given intensity is obtained. 
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Figure 6i. Dark field image of magnesium oxide: a (200) reflection, 

b (220) reflection (X 120,000) 


Secondly, the image contrast depends on the nature of the specimen 
i.e. on the scattering power of its component atoms, which is roughly 
proportional to their atomic number so long as they are randomly 
arranged. Any crystalline region, however, will allow cooperation 
among the atoms to give regular reflections corresponding to the Bragg 
reflection of x-rays or the analogous electron diffraction mentioned on 
p 115. Those crystals which are so orientated as to diffract the incident 
beam directly into the aperture will appear very bright in the dark 
field image, whereas those (usually in the majority) from which the 
diffracted beam misses the aperture will appear dark. The contrast 
and definition for crystalline specimens are therefore much greater than 
for non-crystalline regions in dark field microscopy. Indeed, the power 
of discrimination between such components in a mixed specimen gives 
the latter its chief present advantage over bright field operation. Such 
diffraction effects may also be seen in bright field microscopy when a 
large aperture is employed, especially if the crystals are bent so as to 
give a large chance of presenting the correct reflection plane to the 
beam (Figure 83). In a polycrystalline film this chance is also high, and 
the resulting diffraction contributes greatly to the relative contrast of 

the individual grains in it (^Figure 81). 

The first dark field electron images were obtained by Boersch 
with very slow electrons. His later observations at high voltage showed 
a resolution of 85 A in the best example The subject has been most 
fully explored by Hall who obtained a rather worse resolution from 
amorphous materials but a value of about 50 A for crystalline speci¬ 
mens. Smaller crystallites can be detected, but only as blurred image 
spots much larger than their true size, corresponding to light micro¬ 
scopical experience. Hall shows dark field micrographs from colloidal 
as well as evaporated particles, and discusses the case of colloidal 
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carbon in particular. At present the method rarely offers any advantage 
over bright field operation; the reduced resolution is possibly to be 
ascribed to the relatively large energy losses that accompany scatter¬ 
ing, leading to considerable confusion in the image from chromatic 
aberration The quality and usefulness of dark field microscopy 
might be much increased if it were possible to filter out this decelerated 
component from the imaging beam, as suggested by Boersch 
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recording the image 

The image produced by the electron microscope is observed on a flu¬ 
orescent screen and then permanently recorded on photographic 
material. In this chapter we discuss the essential requirements which 
screens and emulsions must satisfy, and practical matters ofhandling 
and processing the latter. There follows a description of the evaluation 
of the quantitative features of the image; its magnification and reso¬ 
lution. 

THE VIEWING SCREEN 

Since electron beams are not of themselves visible it is necessary to use 
some means of converting part of their energy into visible light. A large 
number of chemical substances are known which produce this trans¬ 
formation; these are said to be fluorescent to electrons. They differ very 
widely in the efficiency of their action and in the contrast, colour and 
resolution of the image which they give. In all instances the contrast 
and resolution is much less than that of a photographic emulsion, so 
that the final record of the image is always better in these respects than 
the image as viewed on the screen. The quality of the screen therefore 
merits critical attention, which it is only now beginning to receive, 
partly on account of its importance in other techniques and particu¬ 
larly in television. 

The materials which have proved most useful are mixtures of zinc 
and cadmium sulphides, coated on a backing plate with the aid of a 
fixative such as gum arabic or collodion. Their properties depend very 
much on the precise method of manufacture and on the addition of 
small quantities of an ‘activator’ such as copper or silver. They are 
usually made for high light output and good contrast rather than for 
high resolution. As they are to be viewed directly by the eye their spec¬ 
tral response to the beam is arranged to be of the colour to which the 
eye is most sensitive — yellow or green, rather than blue. Recent 
research has greatly improved the efficiency of conversion, so that up 
to ten per cent of the incident electron energy may be emitted as visible 
light. Within the range of use in electron microscopy the brightness 
depends on the current density of the incident beam, but since this 
must be kept small in order to avoid damage to the specimen the 
efficiency of the screen becomes of first importance. 

The resolution obtainable in the image seen on the screen will 
depend primarily on the size ofthe surface grains but also on the spread- 
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ing of the beam as it penetrates into it. As the penetration depends on 
the voltage, the resolution is thus found to decrease at high voltages. 
The grain size is very variable and the method of deposition of the 
material on the screen should be such (see below) as to leave the small¬ 
est particles on the surface. The optimum thickness of coating has 
been investigated by von Borries If it is too thin the average elec- ^ 
tron will pass right through without giving up all its energy. The 
efficiency will then be poor, and will also fall off rapidly with increas¬ 
ing voltage, owing to the rise in penetrating power of the beam. He 
finds that a coating of 21 mg/cm- (about 50 thick) is necessary in the 
usual operating range of 50 to 100 kv, and that twice as much gives a 
still higher efficiency and a rather slow fall off with voltage. At the 
same time, the greater penetration at higher voltage leads to more 
scattering and thus to a spreading of each bright spot in the image. 
Therefore the resolution as well as the brightness falls off slowly. With 
a good screen and good contrast in the image the combined effects of 
grain size and beam spread allows a resolution of 70 to 100 [l. This is 
below the resolving power of the unaided eye, which is about o - 2 mm 
in good conditions of visibility but may be as much as ten times larger 
when the contrast and illumination are poor. A lens or viewing tele¬ 
scope may thus be used with profit for fine focusing, with a magnifica¬ 
tion of three to ten times, without being limited by the gram size of 


A single crystal of zinc sulphide was used as screen by von Ardenne ‘ 
who obtained a focusing resolution of lo with the aid of a vowing 
telescope. Kopp and Mollenstedt investigated the possibility of 
using very fine grained or structureless (uranium glass) fluorescent 
matLials in electron microscopy, so as to work at low magnification 
in a single-stage instrument. They found it possible to obtain a screen 
resolutiL as high as 3 ■ 6 in favourable circumstances, but only at the 
cost of a loss in light efficiency ranging from 100 to 3,000 times smaller 
than that of usual screen materials. However, this wais offset by the 
lower magnification used, since the surface intensity depends on the 
square of the magnification, and so the brightness of the fine gram 

screen was still adequate for focusing the image. 

Modern electron microscopes are fitted with screens of high contrast 
and efficiency, and with a resolution well beyond that of the “"aided 
eve Nevertheless it will be necessary from time to time to replace the 
screen, since it deteriorates under prolonged exposure to the beam and 
the mechanical shock of raising it when exposing the photographic 
plate It is not difficult to recoat a screen and a method will now be 
described which has given very satisfactory results. A suspension of the 
fluorescent material, which should be of the bright yellow, zinc cad¬ 
mium sulphide type, is made in a o -1 per 

acetone. If the material contains grains of visible size it should first 
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sifted through fine copper gauze. The screen to be recoated is thoroughly 

cleaned of its original coating and well rubbed with fine emery paper. 
It is then placed in the bottom of a deep dish or, better, a Buchner 
funnel, into which the agitated suspension is poured. This is left to 
settle until the liquid appears clear; it is important to leave it long 
enough for the finest particles to sediment. The liquid is then siphoned 
off, or run off at the bottom of the funnel, and the coating left 
The collodion quickly sets, binding the powder to the screen surface. 

It will be appreciated that even when using the best of screens the 
room needs to be kept at least partially darkened in order that the 
beam intensity on the specimen may be reduced. This is essential not 
only when dealing with many biological materials but also with most 
types of replicas, which can easily be split by overheating; shadowing 
metal may similarly be aggregated, obscuring the detail it was employed 
to accentuate. In these circumstances it is advantageous to allow time 
for the eye to become dark adapted before commencing to search for 
detail in the image; the time required varies widely with the individual. 
It is this matter of visual brightness needed for focusing which sets the 
limit below which the beam intensity at the specimen cannot be 

reduced. It renders it highly unlikely that living, or even wet, organisms 

could be observed without lethal dosage, even if means could be found 
for introducing them into the vacuum and a sufficiently high voltage 
provided to penetrate them {cf pp 220,225). There may be some hope, 
however, in the use of electronic image intensifiers, to receive an image 
at a lower than visible intensity and to convert it into a brighter image. 
The problem here is to achieve the required degree of intensification 

without loss of resolution. 


PHOTOGRAPHING THE IMAGE 

PHOTOGRAPHIC MATERIALS 

The plate or film used to record the image has to do so with a suffi¬ 
ciently short exposure, and to yield an adequate contrast without loss 
of detail. Thus the factors involved are those of sensitivity, contrast and 
resolution. The behaviour of photographic emulsions under electron 
illumination is rather different from that which they display to visible 
light. In general one can say that the qualitative differences between 
emulsion types run in the same sense, but within a much narrower 
quantitative range. That is, there is not available the same wide 
range of sensitivity, contrast and resolution for electron recording as 
there is in normal photography. The emulsions most suitable for elec¬ 
tron microscopy are found to be relatively slow and of high contrast, by 
ordinary photographic standards, such as lantern and copying plates. 
The response given by an emulsion is measured by exposing it for 
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successively increasing times and comparing the resultant densities 
found after development and fixing. The results are most conveniently 
plotted on a logarithmic scale, owing to the wide range of both expo¬ 
sure and density. The density D is then defined as the logarithm of the 



natty "Especial process 6 Rapid process panchromat.c, 
^ 7 x-rav. 8 Lithoneg 


ratio of the light intensity transmitted through an unexposed 

plate to that through a part exposed to the electron beam. D log 

a //). The exposure E should properly be the product of beam intensity 

: ® j timA (F _ it) since the plate integrates the effect of the 

electrical charge falling on the plate during exposure. This reciprocity 
W holds for^lectron photography, as for light, over a wide range^ 
bv reducing the exposure time in the same ratio as the beam intensity 
is increased the photographic effect is found to be the same. It follows 
that the sensitivity of the plate is not a finally limiting factor in electron 
microscopy, as is the screen response, since the exposure time can always 
be increased to compensate for low incident intensity. However the e 
are experimental factors which set an upper limit to the 
exposure time, especially mechanical and electrical vibrations (r/p 169). 

Th^respome (or ‘Hurter and Driffield’) cu^es obtained for a num¬ 
ber of typkal ernulsions are shown in Figure 62, plotted as D against 
\oe E A change of unity along either axis thus corresponds to a change 
of ten rimes in density or exposure. A sensitive plate will show an earlier 
rise of the curve than a slow plate. The contrast depends on the slope 
of the curve a steep slope meaning that a small change m exposure 
(corresponding to a difference in the amount of the beam passed by 
!wo p^rts of^he specimen, at given exposure time) gives a large 
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difference in density in the photographic image. It is characteristic of 
both light and electron action that there is a more or less extended ‘foot’ 
to the curve. This represents the so-called ‘induction period’, during 
which insufficient energy is transferred to the emulsion to make more 
than a few grains developable. 

The Hurter and Driffield (H and D) curves have the same general 
form for both light and electron illumination, but there are a number 
of differences of degree between them. It is found with electrons that 
the ‘foot’ is longer but less pronounced, rising slowly almost from the 
origin and passing gradually into the steeper portion; the straight part 
is usually not reached until a value of Z) of i • 5 or 2 - o, compared with 
o • 5 for light. The maximum slope, or ‘gamma’ factor, which is a mea¬ 
sure of the contrast, is much the same as for light. The most striking 
difference is that with a given set of emulsions the range of speed for 
electrons is much less than that shown for light. In one set of experi¬ 
ments the ratio of fastest to slowest was about a hundred for light but 
only about ten for electrons, the order of sensitivity being the same in 
the two instances. In general, also, the rule held that the faster emul¬ 
sions showed less contrast (smaller ‘gamma’) than the slower, although 
some exceptions were found. It is also usual for the faster types to have 
larger grain size and hence to show less resolution. It follows that one 
may choose one type of plate when high contrast or good resolution is 
needed, and another type when these considerations have to be sub¬ 
ordinated to shortness of exposure. 

As with screens, the response of an emulsion also varies with voltage. 
For a given current density the photographic density increases at first 
with voltage, owing to increasing penetration of the electrons into the 
emulsion. Once the penetrating power exceeds the thickness of the 
emulsion the sensitivity is found to fall At the same time each indi¬ 
vidual image point becomes rather more diffused, owing to sideways 
scattering of the beam, with increase in the emulsion thickness penetra¬ 
ted. This effect reduces the resolving power of the plate, which is the 
other main factor to be taken into account when evaluating its 
suitability for electron micrography. The emulsion resolving power 
determines the minimum electronic magnification which must be 
provided, if all the detail present in the electronic image is to be re¬ 
corded. In principle, it is necessary only to employ a magnification 
sufficient to ensure that each image point is larger than the resolution 
limit of the plate. Thus if the instrumental resolving power is 100 A and 
the plate can resolve fifty lines to the millimetre (20 (x), then the minimum 
magnification is 2 X lo^/ioo, or 2,000 X, assuming that a screen and 
viewing telescope are available for focusing to this accuracy. Corre¬ 
spondingly, the recorded image would need to be enlarged at least ten 
times to enable all the detail in it to be appreciated by the eye directly, 
with its poorer resolution. A high plate resolution will thus allow a 
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lower magnification, and therefore a shorter exposure, to be employed. 

At given beam intensity the exposure depends inversely on the square 
of the magnification, so that a plate better by threefold in resolution 
will require one ninth the exposure time of another, at minimum 
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Fieure 6-^. Efficiency of photographic emulsions for electrons with varying 
^ voltage (after von Borries) 

magnification. Hence the reduced sensitivity of a fine grain emulsion, 
as measured by the H and D curve, may be more than offset by the 
lower working magnification and exposure which it permits. For this 
reason it has been proposed by Hillier rt al - that a ‘figure of merit 
for a plate should be based on the quotient Djr-, where r is the resolving 
power of the emulsion. Von Borries defines an energy per image 
point (Bildpimktarbeit) which is the reciprocal of this factor. In comparing 
emulsions the factor is then evaluated for a standard brightness of 
illumination and, preferably, for different accelerating voltages. 

A typical set of curves is given in Figure 63, from which it is seen tha 

an optimum still appears at a fairly well defined voltage. Up to this point 

the intrinsic contrast (maximum slope) as well as the speed of the plate 
increases with voltage and beyond it both decrease slowly At the same 
time the contrast in the electron image is continuously falling, owing 
to reduced scattering in the object. This more than offsets the improved 
contrast of the plate, so that a slight decline in contrast in the recorded 
image of a thick object is observed with increasing voltage, although 
it becomes rather clearer by reason of the increased penetrating power 
ofthe beam. Beyond the optimum voltage both plate and object contrast 
are decreasing and the observed effect is accentuated. However, the 
decrease is slow and ordinary plates still show adequate contrast at 
beam voltages as high as 400 kv The variation over the range of 
voltage normally available in commercial electron microscopes is not 
enough to call for a change in exposure time when a diffeient voltap 
is employed, provided that the intensity of illumination is kept at the 
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same value. In any case there is some parallel compensation owing to 
the fall in response of the screen with increase in voltage, so that ex¬ 
posures judged from screen brightness will remain within the latitude 

of the emulsion even if the voltage is changed. 

It follows that it is sufficient, for all ordinary purposes, to examine 
the properties of an emulsion towards electrons at a single representa¬ 
tive voltage only and over a range of exposure wide enough -to reveal 
its H and D curve. For electron micrography we require it to have a 
fairly high slope, in order to give good contrast, and a moderately low 
speed, since instrumental factors restrict the practicable range of ex¬ 
posure to between one and ten seconds {cf p 132). 

Properties of typical emulsions 

Enlargement of the negative will show whether it has the fine grain 
shown above to be desirable in the interests of minimum electronic 
magnification. The work carried out so far on these lines for assessing 
the relative merits of different photographic materials has covered only 
a limited range of plates and films. In addition to the investigations 
already quoted, Kopp and Mollenstedt examined the properties 
of very fine grain emulsions towards electrons and confirmed that they 
were slower but had more contrast than more sensitive types. More 
thorough work is now being carried out in a number of laboratories 
which should lead to a better understanding of the action of electrons 
and to the development of types of plates better suited to the require¬ 
ments of electron microscopy. It is probable that much can be learnt 
from the experience acquired in making plates suitable for detecting 
nuclear particles, particularly the use of emulsions containing a high 
surface density of grains but in a thinner layer than in most commercial 
materials. Some work has already been done on the use of a 

retarding layer above the emulsion to slow down the electrons to the 
speed at which they are most effective on the emulsion. 

The experience at present available, so far as it relates to materials 
that can be readily obtained, shows that lantern and process plates or 
similarly coated films are most suitable. A short summary of the pro¬ 
perties of some of them, based mainly on the work of Reed arid 
Millard and of Crook, Sheffield and Chilton®®, is given in 
Table I (in order of increasing speed). 

For most purposes, when good contrast is present in the specimen, the 
Special Lantern or B20 plate is most suitable. It has adequate contrast 
and resolution and is fast enough to electrons to allow an exposure time 
of one to two seconds with an illumination just sufficiently bright for 
visual focusing on the screen. It may be noted that the contrast grade 
of the Special Lantern type is faster to electrons, though slower to light, 
than the soft grade. For specimens lacking in contrast, especially those 
unshadowed, the Photomechanical type is best used. It has extremely 
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TABLE I. PROPERTIES OF PLATES AND FILMS 


Plates 


Ilford Gaslight Lantern Very high ^low 

Kodak Li 5 [Lantern) Very high Slow 

Ilford Photomechanical Very high . i>low 

£dak B5 High Medium slow 

Ilford Special Lantern Medium high Faster 

Kodak B20 ^Hdium high Faste r _ 

~^ilnis Contrast Speed _ 

^ord Ff6o (contrast) Very high j'"'” 

Kodalirle Ortho Very high Medium 

Kodak Micrqfile Pan \ High »/ 

Ilford Rapid Process Pan Medium 

Ilford DsSBW I Medium Medium fast 

Dupont Rapid Pan i l^ow; soft and 

\ grainy 

Kodak Microfile Re gular _ j _ I _ 

(The panchromatic emulsions may be obtained without the semitiaing agent, which 
(1 he panenrom facilitates handling m the darkroom) 

hieh contrast but is about five times slower than the Special Lantern 
pllte since exposure must be prolonged until the straight part of the 

H and D curve is reached in order to get maximum comrast 
,ork of VON Borries it appears that Agfa K and Agfa Spektral Blau 

UltLart correspond to Special Lantern and 

tivelv There is little difference in the pumpmg-out time ot these emul 

sions^ which may be from five to fifteen minutes according to the speed 

ofTh; pumping system. It can be appreciably shortened by storing the 

inaHM cassettes in a vacuum desiccator. 

Films show the same range of properties as 
^ tVnt in general the same emulsion is rather taster on 

fflm than on plate. Microfile Regular and Rapid Process Pan are excellent 

for glneml purpose use, viith Kodaline or Ff6o for poor contrast subjects 

Films vary far Lre than plates in the speed of pumping out, probably 

S toThe properties of die supporting material. They mostly require 

? ^ then ^^latL ner loading, but this is offset by the number of pic- 

offTet by a number of disadvantages. It is rather more liable to scratching 
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than plates, it becomes brittle on pumping out and in general is less 
easy to load and handle. It is also more subject to electrostatic charg¬ 
ing when exposed to the beam, leading to movement of the image 
and to small streaks on the film caused by discharges. During processing 
it is almost impossible to vary the development to suit the character of 
each negative, as may be done with separate plates. On the other hand 
it is easier to store and to index films than plates, and the cost per pic¬ 
ture is much less. By using a camera close to the projector it is possible 
to record on microfilm and so to reduce exposure considerably, thus 
reducing the risk of mechanical or electrical shift. The final choice, in 
so far as it is not already settled by the unalterable design of the elec¬ 
tron microscope available, will be governed by a weighing up of all 
these considerations. In cases where routine examination of many 
specimens is required and exposure conditions can be standardized, 
film will probably be preferred; but when the best results are needed 
from an object, with great subsequent enlargement, a plate is usually 
better. 


FOCUSING AND EXPOSURE 

To get the best photographic record it is necessary first to ensure proper 
focusing and exposure, and then correct processing of the negative. 
Something has already been said about the best procedure in focusing. 
It is desirable to allow time for the eye to become dark adapted before 
attempting fine focusing; in the meantime the image can be searched 
for fields of interest for photography. The less the contrast and the per¬ 
missible intensity of illumination, the longer the time of adaptation that 
must be allowed. This is especially important when very high resolution 
is sought; as pointed out on p 159 (^Figure 73), the contrast of the 
image in true focus is appreciably less than when it is slightly out of 
focus in either direction. The exact in-focus condition can only be 
appreciated by very careful observation, with the use of a very fine 
objective control. When there is a lack of contrast in the object itself it 
is useful to focus on the edge of holes in the supporting film; the edge 
of the grid should not be used as it is not usually in the same plane as 
the specimen. Alternatively, very finely dispersed particles may be 
added to the preparation, such as zinc oxide smoke (needles), poly¬ 
styrene latex (spheres) or tobacco mosaic virus (rods); the last named 
is only of value when shadowed. Both the latex and virus then have 
the additional advantage of giving a close direct estimate of magnifica¬ 
tion (p 139). Again, when the highest precision is sought it is necessary 
to use a low power viewing telescope or lens for focusing, which is 
sometimes provided with the instrument or may easily be constructed 

(^/P48). 

When fine focusing has been carried out the correct exposure must be 
estimated. Exposure meters are not usually supplied as standard equip- 
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ment, so that it is necessary to learn to judge by experience from the 
visible brightness of the screen and the known characteristics of the 
plate or film employed. The latter are first discovered by trial exposures, 
utilizing the standard method of exposing test strips for times suc¬ 
cessively increasing by a factor of two; in electron microscopy the 
useful range will be covered if exposures of^/.,, 1,2,4,8 sec are 

made. The exposure time chosen for normal operation will usually 
be that required to bring the resultant density on to the straight part of 
the H and D curve, giving both maximum contrast and rough propor¬ 
tionality between photographic density and effective scattering thickness 
of the specimen. However the contrast may be varied widely by choice 
of exposure to suit the specimen. When it has high inherent contrast 
exposure may be reduced so as to bring the working point down to a 
part of the curve which has lower slope. Alternatively, as Marton’ 
and VON Borries have pointed out, greater detail may sometirnes 
be obtained in the negative by using longer exposures, up to a density 
of two or three. It is then often advantageous, especially with metal- 
shadowed preparations, to make the final print as a negative rather 

than as a positive. 

Once the useful exposure time has been determined for a given 
screen brightness it is as well to endeavour always to work in these 
conditions, so that a standard exposure is used. The conditions can 
roughly be fixed by reference to the filament current and bias voltage 
of the gun, and the condenser current. Apart from variation m the 
filament position, however, the final illumination will also depend on 
the thickness and nature of the specimen. Hence most reliance must 
be laid on visual estimation of screen brightness. This is an additional 
reason for allowing adjustment of the eye, as otherwise judgement 

may be very badly astray. 

For this reason also it is desirable to set up an exposure meter, it the 
instrument is not provided with one. This is particularly necessary 
when using emulsions of high contrast, where the straight part of the 
density curve is steep; a small error in exposure will then make a great 
difference in the general density of the negative. The most suitable 
meter is probably one of the photometer type. An absolute measure¬ 
ment of the beam current can be made by fixing a collecting electrode 
or Faraday cage above the camera, but this requires careful insulation 
of leads and the use of an amplifier and sensitive galvanometer for 
recording. For accurate determination of photographic characteristics 
it may be worthwhile to go to such trouble, but a photometer is much 
easier to use and adequate in performance. It may be of the compara¬ 
tor or direct reading type. The latter employs a photocell which picks 
up the illumination from a limited area of the viewing screen and shows 
a corresponding meter reading, after one or more stages of amplifica¬ 
tion of the initial signal. Clearly it must be kept at a fixed distance from 
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the screen, and must always observe a representative area of it; as the 
picture size will be changed from time to time this area is best arranged 
to be the central part of the screen. The comparator type embodies a 
light source which throws a patch of illumination on to the screen 
alongside the electron picture. Its strength is then varied, by controlling 
the current supply to the lamp, until the two patches are judged to be 
of the same intensity, and a reading is taken of the lamp current. In this 
case it is important to ensure that the two patches are close together 
and of the same colour, a suitable filter being used before the lamp for 
the latter purpose. Either of these instruments may now be bought 
complete, or may readily to assembled from standard components. 
They make it possible to adjust the exposure to the illuminating condi¬ 
tions over a wide range around the standard value normally used. 

When the exposure time has been found by eye estimation or by 
photometer readings, the camera shutter is opened for this interval and 
the photographic record made. The shutter is mechanically operated 
and must be handled carefully if vibration is to be avoided. It should 
be opened smartly but without shaking the apparatus, and similarly 
closed quickly, so that uneven exposure of the plate is reduced to a 
minimum. The lower practicable limit of exposure is set by this re¬ 
quirement at about sec; below this it is impossible to open and close 
the shutter without exposing one side of the plate much more than the 
other, and without danger of shaking the column. In any case it is 
impossible to avoid transferring some vibration to the specimen, and 
it is therefore desirable to have an exposure considerably longer than 
the duration of this mechanical vibration, which again indicates an 
exposure time of a second or two. Long exposures are limited, on 
the other hand, by the risk of electrical disturbances giving rise to 
chromatic aberration of the image. According to the stability of the 
mains supply and the design of the high tension equipment, this upper 
limit will be of the order of lo to 30 sec, which should be more than 
enough in the most extreme conditions of poor illumination and slow 
photographic material that may be encountered. In sum, therefore, 
the limits set to exposure by the operation of the shutter and by mecha¬ 
nical and electrical disturbances do not conflict with the requirements 
of rapid working and the properties of the photographic materials 
suitable for electron recording. Another set of limitations, arising from 
the action of the beam on the specimen, will be discussed in chapter 10. 
These will be found to require the lowest visible illumination on the 
screen, rather than the shortest practicable exposure time. 

PHOTOGRAPHIC PROCESSING 

The exposed negative, whether plate or film, has to be developed, fixed 
and finally reproduced as a print or enlargement before the record¬ 
ing process is complete. In the first place it is important to employ a 
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reliable system for registering the conditions of exposure and identi¬ 
fying the negatives. Each plate should be numbered, or otherwise given 
an identification mark before exposure. A wax pencil may be used, but 
it is more permanent (though less tidy) to use a needle to scratch the 
emulsion. A log book should be kept in which all relevant details arc 
recorded: nature of specimen, time of exposure, accelerating voltage, 
beam current, setting of condenser and approximate magnification. 
The last may be indicated cither by a meter reading of projector cur¬ 
rent or by reference to the projector pole piece used, when interchange¬ 
able pieces are provided. Some of these data need only be noted 
when a change in operating conditions is made; the same applies to 
the fitting of an aperture. It is also useful to record when the filament 
is changed, when the interior (and especially the aperture) is cleaned 
— in short, anything which will affect the image conditions, A conveni¬ 
ent procedure is to enter all the details concerning type of specimen 
and exposure conditions on the right hand page of the logbook, leaving 
the facing page free for comments on the appearance of the image, 
performance of and alterations in the instrument, instructions for the 
processing of the plate, and so on. When a microscope is being used by 
several different operators it is particularly important to work out some 
such comprehensive system of recording so as to ensure that proper 

account is kept of all plates exposed. 

The actual processing of the plate does not differ essentially from 

ordinary photographic methods, details of which arc given in rnany 
excellent technical handbooks. It is as well to employ the type of de¬ 
veloper recommended by the makers of the plate or film used, at least 
until some considerable experience has been obtained m such work. A 
wide and not always desirable variation in the contrast and gram size 
of the final negative may be produced by different developers. With 
experience, this may be turned to good account by using a developer 
of high contrast with a specimen of poor inherent contrast or for a pla e 
which has been inadvertently underexposed, and another developer for 
images of high contrast, such as arc given by shadowed specirnens. In 
this way the same type of plate may be used for a variety of imaging 
conditions. Von Borries has made a detailed study of the charac¬ 
teristics of German plates from this point of view. He measured the H 
and D cui-ve and grain size of five different types of emulsion, using five 
different developers and five times of development varying from 4 to 
2S min. The effective sensitivity and contrast of all the plates increased 
with development time; the effective resolving power of a plate im¬ 
proved at high photographic density and decreased only slightly with 
developing time. He concluded that optimum working conditions 
require an exposure giving a density of 2 and a developing time of 25 
min. The plate resolution was not appreciably worse, however, at a 
density of i - 3 or the more convenient developing time of 4 min. 
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For most purposes dish development is to be preferred, since the rate 
of emergence of the photographic image can be observed and the de¬ 
velopment stopped if the plate hasbeen overexposed, and vice versa when 
underexposed. It is then necessary to find out from the makers what 
safe-light is to be employed with the photographic material in use. 
With most of the plates and films listed previously a medium orange filter 
is adequate and gives good visibility in the dark room. Tank develop¬ 
ment saves much time when a great deal of routine work is to be done, 
and can be safely employed where the type of specimen and hence the 
exposure conditions remain the same for a given batch of plates. Other¬ 
wise the exposure conditions must be carefully controlled to ensure that 
all negatives require the same development. When using film it is 
obviously preferable to go to this trouble, since film is difficult to handle 
in any length except in a tank. 

The best negatives will normally be enlarged several times to bring 
out all the inherent detail. It is therefore important to pay attention 
to cleanliness in processing, especially avoiding the deposition of par¬ 
ticles from the washing water or dust from the air when drying. It is 
equally necessary to have a first class enlarger which can do justice to 
the negatives and will not introduce aberrations of its own into the final 
picture. A lens of high quality and an adequately fine focusing mecha¬ 
nism are particularly desirable, with a maximum magnification of 
about 10 X . It is also useful to have a small viewing lens for observing 
the image when focusing the enlarged picture. As regards the choice of 
printing paper and the technique of enlargement generally, all the 
needed information is again readily available in photographic hand¬ 
books. As a general rule the softest possible paper should always be 
employed, in order to render the widest range of tones from the nega¬ 
tive into the positive. When reproducing shadowcast objects it is usually 
best to print them as negatives rather than as positives. The relief effect 
is then more striking and also any detail within the object can be 
brought out much more clearly than in the positive, where they will 
appear as shades of black in a dense image instead of as gradations in a 
light background as in the negative. It is then necessary to make an 
intermediate printing (usually called the ‘intermediate negative’), and 
this extra step gives greater possibility of reproducing adequately the 
desired details of the picture. 

Careful attention to detail is necessary at all stages — focusing, expo¬ 
sure, development and printing — if good pictures are to be produced 
finally in which justice is done to the available resolving power in the 
electron image. Only by such care and with accumulated experience 
can successful prints, enlargements and slides be made. As in photo¬ 
graphy generally, the battle is only half won when the apparatus for 
recording the image is working properly. 
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MAGNIFICATION MEASUREMENT 


The means employed to measure the magnification produced by an 
electron microscope in given operating conditions will depend on the 
degree of accuracy with which the result needs to be known. For most 
purposes a value within lo to 20 percent or so suffices and the current 
in the projector lens is an adequate measure, since the objective is 
normally operated at almost constant magnification. If an accuracy of 
5 to 10 per cent is sought a variety of methods are available, roughly 
divisible into those which use a standard object as specimen and those 
which rely upon a measured shift of the object stage, using any object. 
These methods can be made readily applicable to most conditions. If, 
however, the magnification is required to better than 2 per cent 
considerable difficulty arises in measuring it for a given micrograph and 
the possible instrumental errors are so much larger that no calibration 
is generally valid and each set of working conditions requires a separate 
determination of magnification. The chief methods for achieving either 

of these degrees of accuracy will be described here. 

Magnification determination from the current in the projector lens, 
or in the intermediate lens of a three-stage instrument, cannot be relied 
on to better than 10 to 20 per cent because of unpredictable variations 
in some of the working conditions. Apart from inexact seating of the 
object holder as already mentioned, the electrical and magnetic condi¬ 
tions may vary. In particular, hysteresis effects in the lens pole pieces 
may prevent the same magnetic field from always being set up by a 
given lens current. Nor will the magnificaUon be the same at all work¬ 
ing voltages, as is sometimes assumed, owing to a shift of the principle 
plLe of tL lens when the magnetic field is increased to counterbalance 
an increase in voltage. As the object is fixed, the effective object 
distance and hence the magnification will vary. However, provided that, 
the calibration is checked once a year or so by one of the methods gwen 
below, the projector meter reading should be reliable to within ± lo 
per cent; it is clearly helpful always to use the same object holder, or a 

carefully standardized set of holders. 

STAGE-SHIFT METHOD 

If the object can be moved through a known distance m its own plane 
it is not difficult to observe the corresponding shift of the image and 
hence to find the magnification from their quotient. This gives Uie 

simplest method of rapidly checking the magnification during operation 

with a given specimen. In some instruments the stage motion is suOi- 
ciently positive and reproducible for it to be calibrated, so that a given 
movement of the control results in an object shift that is known to 
better than a micron. Otherwise the mesh opening of the support 
grid may be used as a measure. In the usual 200-mesh grid it may be 
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taken as 75 |x ± 5 per cent. It is then a simple matter to arrange, at 
one or two magnifications, for the grid side to be parallel to one side of 
the viewing screen and then to shift it along this direction so that the 
whole grid width passes across the field of view. Using characteristic 
features of the grid or specimen as landmarks, it is then possible to 
observe what distance in the image corresponds to 75 [x in the object. 
Observation is aided if a scale is marked on the screen, the width of 
which must in any case be known to within a few mm. This method can 
be carried out very rapidly for rough checking purposes; when the 
grid side is not parallel to a side of the screen a rough estimate may also 
be made of the angle between the motion and the side of the screen of 
known length. It is capable of considerable accuracy if photographic 
instead of direct reading is used by taking a series of pictures of over¬ 
lapping fields right across the grid opening. The negatives, or prints 
made from them, can then be joined end to end and an exact measure¬ 
ment of the image of the opening made to within a millimetre or so. 
With the centre-marked grids now available the precise mesh may 
be located again in an optical microscope and its size determined to 
within one micron. Hence the composite picture method should be 
capable of an accuracy of 2 to 3 per cent in a given instance. It gives, 
of course, the average magnification across the field of view and so 
allows no estimate of the distortion to be made, as would be necessary 
in very accurate work such as particle size determination. 

The stage shift method may thus be used for rapid rough estimation 
of magnification, or for more laborious measurement at moderate 
accuracy. A means has lately been described of improving its ac¬ 
curacy to a level higher than that obtainable with any other method. 
An optical interferometer is incorporated in the stage plate, so that an 
object shift of a few microns can be measured by standard optical 
methods to very high accuracy, while the corresponding image shift 
is recorded on two successive pictures or even, by double exposure, on a 
single plate. The method demands a special attachment and some skill 
in setting up and using it. However it may well be worthwhile in cases 
where accurate particle size distributions, or similar work demanding 
precise knowledge of the magnification, is involved. 

USE OF STANDARD OBJECTS 

A number of objects are available which are large enough to be mea¬ 
sured with reasonable accuracy by optical methods and yet small enough 
to be obser\ ed conveniently in the electron microscope. They range 
from diffraction grating replicas and diatoms, which have the advantage 
of providing rows of repetition units, through polystyrene latex particles 
down to plant virus particles and molecules approaching in size the 
resolution limit of the electron microscope. 
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Diffraction grating replica 

A replica of the surface ruling of a diffraction grating may be made by 
one of the standard methods of chapter 9. Especially if shadowed with 
metal, its detail is clearly shown in the electron micrograph and the 
magnified value of the spacing can b? directly measured. It thus gives 
a convenient method for finding magnification but is beset by two 
sources of error: shrinkage of the replica material and non-uniformity 
of ruling. These are particularly serious owing to the fact that at the 
magnifications most employed in electron microscopy (5,000 to 15,000) 
very few rulings will be measurable in the field of view normally avail¬ 
able. A grating of 15,000 lines to the inch has a line spacing of i • 66 jx; at 
a magnification of 10,000 only three lines will appear in a field of 5 cm 
diam. The regularity of ruling may not be better than 5 per cent and 
local shrinkage may be much more than this. Hence an unchecked 
replica will give little better accuracy than may be obtained from a 
projector current reading. It is necessary to measure the line spacing 
on the replica itself if 5 per cent accuracy is required, and to measure 
identically the same region as imaged in the microscope if i to 12 per 
cent is sought. A good optical microscope will allow this accuracy to 
be reached on a replica of a 15,000 line grating, over a range of 30 
lines or so. The same region can be observed in the electron microscope 
at a magnification of about 1,000 and a direct comparison obtained. 
Successively smaller parts of this field may then be photographed at 
magnifications up to 10,000. The values obtained will again be average 
values of the magnification across the field of view. As it is useful to use 
the replica repeatedly to check the calibration, it is best made as dur¬ 
able as possible. Metal-shadowed Formvar or a chromium positive made 
from a polystyrene or methacrylate primary replica would be most 
suitable. The replica spacing should always be checked on each occa- 

sion by optical measurement. 

Diatoms . 

These are the standard test objects of optical microscopy, being the 
finely structured silicaceous shells of minute aquatic organisms. \ an- 

eties are known with regular holes at spacings from several microns 
down to below the resolving power of a light microscope. A convenient 
source is kieselguhr, which should be shaken up with water and allowed 

to stand overnight; addition of a drop of chloroform will prevent bac¬ 
terial contamination. The finest particles are then removed by decanting 
most of the fluid and the sediment is again shaken up with water. Alter 
standing for a few hours droplets may be removed and deposited on 

collodion-covered supporting grids. Examination under a light micro¬ 
scope will reveal those diatoms suitable for magnification calibration, 
that is, those which have features repeating at about 1 ix or less, so that 
they rnay be checked by optical observation. 
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l (>4. Diatom employed foi‘ magnifualion cali¬ 

bration: Synedra h'ul^cns fx i 2,oot)) 

I C’aveiKlisli Laboi atory) 

A \ cry suitable species from sea water is Synedra Fu/gens (Grevi/le) U m 
Smith, which occurs ofi' Kuropean and North American coasts and 
wlhcli has a flat surface perforated with rows of holes (Figure 64). The 
spat ing of the transverse rows has an average of o • 66 u, difTcrent speci¬ 
mens showing a variation of 4 ^; 5 per cent in their mean value I he 
\ariation along the length (i6c^ to 360 y) of a given specimen is rather 
Mualler. It follow^ that any member of this species could be selected 
and used as a rough magnification standard to 5 per cent accuracy, 
without optical measurement, d'he spacing is less than that of a 15,000 
line grating, there being 7 to 8 rows in a 5 cm field at 10,000 X enlarge¬ 
ment, so that it has a wider range of use than a grating. As with the 
latter, high accuracy may be attained by checking the spacing of the 
particular specimen used with a good optical microscope Owing 
to its fineness of structure and resistant nature the diatom is to be pre¬ 
ferred to a grating replica for exact determination of magnification. 
With continued use it will acejuire a contaminating deposit, like all 
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specimens, but this will not affect the accuracy of measurement so 
long as this is always made between the centres of rows of holes. 


Polystyrene latex and similar particles 

It would clearly be a great convenience to have particles available of 
standard size which could be mixed with any specimen and thus pro¬ 
vide a direct measure of magnification in any field of view. For such a 
purpose the particles must be much less than i [x in size, have great 
uniformity and preferably be of some simple shape, such as a sphere 
or cube. Glass spheres have been employed by some workers. The 
commercially available ‘ballotini’ are too large, but finer particles 
may be made by blowing pulverized Pyrex glass through a blast flame 
and grading the resulting product by levigation in water. By this means 
Fullam succeeded in getting spheres of a few microns in dia¬ 

meter, and Farrant and Hodge made particles down to The size 
distribution is considerable, however, and an optical check is desirable 
in accurate work. This may be made by interferometric measurement 
of a fine Wollaston wire or quartz fibre, which is then compared m the 
electron microscope against the glass spheres. The method is however, 
elaborate and the final accuracy not better than may be obtained by 


other simpler means. . , 

A much better standard arose accidentally when the Dow Chemical 
Company produced a batch of polystyrene latex the spher,cal par¬ 
ticles in which were shown by Backus and Williams - to be reinarkably 
uniform in size. Being about i ir diam and chemically inert Aey n^y 
be mixed with any preparation and readily measured in final m - 
crograph, especially when metal-shadowed (Figure 65). There is still 
some doubt as to whether the uniformity m size is so high as originally 
rHimcd but it is certainly better than 5 per cent (Figure bb). 

As samples hav^ been made widely available through the various 
national societies for electron microscopy this substance provides an 
excellent magnification standard for general purposes. If conditions ol 
storage and deposition can be controlled so as to give the accuracy o 
better than i per cent obtained originally, its usefulness will be widened. 
An adequate'^number of particles over the field of view at normal 
magnifications, is obtained by putting on the grid a small drop of latex 
suspension at a dilution of i in 2,500. The useful size of drop will be 

found by trial experiment, but will be of the order of ■ . 

The particles so far mentioned are relatively large and hence suit¬ 
able for low to moderate magnifications only, up to 15,000 or so. 
Astbury has suggested the use of tobacco mosaic virus as reference 
standard at high magnifications, such as may be used when examining 
other virus particles, bacterial flagella, large molecules etc. A droplet 
of the purified suspension, in a concentration of about o- i mg/e^ 
applied to the specimen grid, as in the use of latex suspension. The 
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Figure 65. Polystyrene latex parti¬ 
cles,shadowed with gold-palladium 
(X 40,000) (Cavendish 
Laboratory) 



1__l 

I/' 

Figure 66. Layers of polystyrene latex 
particles (unshadowed), showing uni¬ 
formity of size ( X 12,000) 
(Cavendish Laboratory) 


virus consists of rods of variable length but of a regular width of 150 A. 
As their contrast is low, metal shadowing of the specimen is essential. 


STAGE-BY-STAGE METHOD 

In the two-stage microscope the most accurate method is the most 
direct: measurement of the magnification in each stage by comparison 
of image and object size, the overall magnification being the product 
of the values thus found for each stage. Unfortunately this is not possi¬ 
ble in three-stage instruments, these having no intermediate viewing 
screens on which the first and second images could be measured. How¬ 
ever, as there will continue to be many two-stage instruments in use 
the main points to be observed in the method will be given here. 

The diameter of the intermediate screen being usually only 2 to 3 cm 
and the first-stage magnification about lOO, the primary object must 
be about o • i mm in size. Hence an opening of the standard 200-mesh 
grid mav be used or a hole of o • i to o • 2 mm bored with a fine needle or 
watchmakers drill in a thin foil; the disks supplied for the objective 
aperture also form suitable objects. Their size may be optically mea¬ 
sured to better than i per cent, either with a precision travelling micro¬ 
scope or by photography in a good projection microscope. The size of 
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the intermediate image is then found by direct observation of a scale 
engraved on the screen, or better by photographing it. The quotient 
of this size and the object size give the first-stage magnification, 
after applying a correction for the position of the observed image being 
above the plane which is in fact imaged by the projection lens. To the 
accuracy required, this factor is given by the ratio of the separation 
of the lenses to the distance of the screen from the objective. 

The ‘object’ in the second stage may again be a grid or aperture 
placed above the projector lens. As the final image field is now 5 cm 
or more in diam the defining aperture can be made correspondingly 
larger, of the order of o - 5 mm. The location of the aperture is not 
critical, provided that it is above the projector focal plane, since the 
illumination is practically parallel to the axis i» this region (p 109) and 
there is accordingly a large depth of field. It may be conveniently 
mounted in a brass cone supported in the upper pole piece of the 
projector. It may be left permanently in position but then has the disad¬ 
vantage of limiting the field of view to a fixed region whatever the 
magnification used, so that only a small part of the final screen is use¬ 
fully covered at low magnification. The aperture diameter may e 
accurately found with an optical microscope and the size of its image 
by direct measurement on the photographic record; their quotient 
gives the second-stage magnification, The total magnification M 

is then given by M = X ^2* j *1. * 

If the intermediate image is accurately measured the two-tage 

method should be exact to i per cent. It has the advantage of siniplicity 

and ease of repetition. If the object holder is standardized as to length 

the value of is constant and the only measurement needed to find 

the magnification on any given print is that of the size of the limiting 

aperture on the final image. 

SUMMARY OF METHODS 

To summarize: for most purposes the magnification is given accurate¬ 
ly enough by the reading of the projector current; when better ac¬ 
curacy (5 per cent) is required a deposit of latex particles may be used or 

a diatL sLh as Synedrajulgens (without optical check); but when high 
precision is called for it is necessary to make a direct compaiison with 
optical measurements, either on a selected diatom or on a carefully 
prepared replica of a diffraction grating. As the laUer demands prepa¬ 
rative skill Ae diatom is more to be recommended for genera use. 
When the two-stage method can be employed it can give equally ac¬ 
curate results if the intermediate image is carefully measured. At very 

high magnification the rods of tobacco mosaic virus offer a convenient 

‘^'^AirAese methods, except the use of latex particles giv-e the average 
magnification across the region of measurement, which normally has 
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to be the whole field of view with diatoms or grating replicas owing to 
their relatively coarse structure. Exploration of the variation in magni¬ 
fication across the field, due to distortion in the projector (p no), is 
carried out by taking measurements of width along the length of a regular 
object, such as a fine wire, or by moving a reference object to all parts 
and measuring its dimensions on a succession of photographs. The most 
efficient procedure for making such measurements and evaluating the 
distortion coefficient from them has been given by Hillier In principle 
any readily identified feature of the object may be used so that any object 
used for magnification calibration could be employed, but there are 
obvious advantages in using the spherical latex particles. They allow 
a direct visual estimation as to whether the degree of distortion is high 
enough to warrant detailed evaluation, a sphere then clearly changing 
in size on being moved from the centre to the margin of the field of 
view and often being distorted from spherical shape as well. If a field 
well filled with particles is chosen the distortion measurements can be 
made on a single picture since the natural variation in size of the par¬ 
ticles should be less than the variation in size with distance from the 
axis due to distortion, if this is of visible proportions. To be visible, the 
difference in magnification between margin and centre has to be 5 per 
cent or more; this should not occur in an electron microscope except 
at magnifications of the order of 1,000 or less. Hence it is not usually 
necessary to evaluate the distortion unless particle size distribution 
measurements are being made with an accuracy better than 5 per cent, 
or on large particles which need to be observ^ed at low magnification. 

MEASUREMENT OF RESOLVING POWER 

It is less often necessary to measure the resolving power obtained from 
an electron microscope than the magnification, as one can roughly 
estimate by direct inspection of micrographs how far the instrument is 
meeting requirements. Indeed this method of visual appraisement can 
be made more quantitative (see below) and then affords the simplest 
means of judging the resolution in a given picture. The strict definition 
of resolving power, however, involves the closest distance of approach 
of two point objects at which they can still be distinguished as separate 
entities (p 10). Although enough suitable test objects are available in 
optical microscopy for this definition to be practically useful, they 
appear only by chance in the great majority of electron micrographs. 
It is therefore important to seek some other definition that is more often 
practicable of realization. It should preferably be mathematically 
related to the optical definition but this is not an essential condition: 
there should be no objection to electron microscopy setting up the 
standard most convenient in practice, which might then be experi¬ 
mentally compared with the older criterion. However, it is not easy to 
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arrive at an agreed standard. A report of a special Committee on Reso¬ 
lution set up by the Electron Microscope Society of America (EMSA)^^’ 
has surveyed various possible definitions but was unable to recommend 
any one in particular. An international committee is now discussing 
the question; its findings are awaited with interest. In the meantime it 
will be sufficient to mention here those proposed methods which are 
simplest to apply and likely to be reproducible; they relate to the size 
of the smallest detectable particle, and the sharpness of opaque 

boundaries. 

RESOLUTION AND RESOLVING POWER 

First, however, it is important to clarify the nomenclature to be used, 
since different connotations are bestowed by different workers. It is 
especially necessary to distinguish clearly between the resolution pre¬ 
sent in a given micrograph and the ultimate resolving power of the 
instrument which produced it. The EMSA Report recommends that 
the two terms should be used only in these respective senses; resolu¬ 
tion to denote the perfection of imaging in a given picture, resolving 
power for the best such result from a particular instrument. The estima¬ 
tion of these two parameters of performance should be based on some 
quantitative definitions, not necessarily the same for both of them. The 
much used term ‘quality’ of a micrograph will then refer to some 
more subjective basis of estimation of its excellence. Terms such as 
‘limiting resolving power’ or ‘resolving limit’ should be used only m 
connection with some theoretical deduction of the ideal performance 

of a system of electron lenses. , 

The resolving power of an instrument thus specifies the very best 

result of which h is capable, with a specimen specially selected for the 
purpose. The resolution obtained in the general case will be lower than 
this being affected by the nature of the specimen, the state of the mi¬ 
croscope Ld the photographic conditions. ^Ve shall first discuss prac¬ 
tical quantitative definitions of these factors and then con^der the 
choice of a suitable specimen for measuring the first of them. The con¬ 
clusions are bound to be tentative in nature in the light of our incom¬ 
plete knowledge of the factors involved and particularly of the extent 
to which contrast affects visibility near the limit of resolution. 

particle SEPARATION 

The optical discussion of resolving power is conducted m terms of the 
overlapping intensity distributions due to two point objects which may 
be opaque disks or luminous sources (r/Figures 49 and 51). The foi mula 
conventionally adopted as a measure of resolution (equation 27) re¬ 
quires existence of two geometrical points at a mutual separation such 
that their combined intensity curve just indicates their individualiU. 
In practice it is difficult to obtain an object for electron microscopy 
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in which pairs of particles occur with a range of separations of the order 
of tens of Angstrom units. Even when they do so occur they are by no 
means geometrical points, which would have to be of atomic dimen¬ 
sions to be of negligible size in comparison with the resolving power. 
The finite size of the particles will enlarge the just discernible separa¬ 
tion, and hence give a conservative estimate of the resolution. It follows 
that the classical procedure can only rarely be applied to measure the 
resolution in a picture, and therefore cannot be adopted as a general 
standard in electron microscopy. However, with sufficient patience 
in selecting a measurable field of view from a suitable object, it could 
be useful for indicating the resolving power of a particular instrument. 
It would then give an upper limit for this factor, which would be 
capable of reduction if a specimen were found with still smaller par¬ 
ticles. For this reason the method does not provide a very good means 
of comparing the performance of different instruments, except on the 
basis of an undue amount of statistical measurement of particle sepa¬ 
rations. 


SINGLE PARTICLE 

The measurement of the smallest detectable particle offers more relia¬ 
bility. It was pointed out on p 107 that this is about one third the classi¬ 
cally defined resolution limit for a geometrical point. As with pairs, 
however, the breadth of the intensity distribution in the image will still 
be affected by the finite width of the particle but, on the other hand, 
it should be much more probable for an object to contain a wide range 
of individual sizes than of identical pairs at graded separations. If the 
particles are opaque to electrons the particle size will introduce only a 
constant factor into the observational limit; that is, it will affect the 
relation of the limit as thus measured to that defined by the classical 
separation formula but will not affect the comparison of micrograph 
with micrograph. 

Hence the detection limit of individual particles, although rarely 
applicable to finding the resolution in a routine picture, offers at pre¬ 
sent probably the most reliable method of comparing resolving powers, 
using specially selected objects. These should be opaque to electrons 
and sharply defined. Metal particles deposited from colloidal suspen¬ 
sions or by evaporation in vacuo are most suitable. The EMSA Report 
suggests colloidal gold, silver or platinum, and especially Argyrol in 
I : 1,000 dilution with water, or evaporated films of chromium 5 to 
10 A thick; beryllium has also been found suitable. The supporting 
film should be as thin as possible to ensure high contrast and the inci¬ 
dent illumination must be kept as low as practicable for two reasons: 
to reduce the growth of contamination to a minimum and to avoid 
recrystallization of the metal. This requirement fortunately coincides 
with that for operating a microscope at high resolving power i.e. using 
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a highly defocused condenser, giving a very small angle of illumination. 
It will also be obvious that the size of limiting particle detected will 
depend very much on the details of photographic recording and 
processing, as well as on the magnification calibration. It is to be hoped 
that the discussions now in progress will lead to agreed standards for all 
these operational factors, as well as for the procedure to be used in 
preparing the reference specimen. 

EDGE CONTOURS 

Several other measures of resolving power have been proposed, such 
as the rounding of particle corners or intersections and the sharpness 
of contours. The last is the more feasible and will be briefly discussed 
here. It involves measuring the fall off in density across the boundary 
of the image of a straight edge opaque to electrons; to be of any value 
for the present purpose, this must be done with a densitometer. The 
trace obtained with a truly in-focus image is shown in Figure 67. 
It has been suggested that the resolving power might be directly 
measured from it, since the half-width of the edge shadow is equal to 
that given by equation 27 for the separation of two particles at limit¬ 
ing resolution. Alternatively the slope of the trace, or the distance 
between points at 15 and 85 per cent of the total intensity drop, might 
be taken as a measure. These quantities would give a direct measure of 
the sharpness of the image, are reproducible over different fields of the 
same specimen, and may be measured on a wide variety of objects. The 



Figure 67. Densilomctric 
trace across image of a 
straight edge; incoherent 
illumination 
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Figure 68. Densitometric trace across 
image of straight edge with coherent illu¬ 
mination, out of focus by distance /, 
showing Fresnel bands; broken line shows 
calculated variation in intensity (Hillier 

and Rambero) 


difficulty arises, however, that such a simple edge pattern can only be 
obtained with incoherent illumination, which is approximately obtained 
with a thick specimen or with critical (wide angle) illumination, both 
of which are inimical to the attainment of high resolving power. Thus the 
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Figure 69. Fresnel bands in out-of-focus image of zinc oxide crystals 

(x 45,000) (AEI Laboratories) 

straight edge method, although useful for measuring the resolution in a 
micrograph taken under such conditions, is not generally applicable for 
this purpose nor for finding the ultimate resolving power of an instrument. 

If the edge is slightly out of focus other effects occur when the illumi¬ 
nation is coherent, as it usually is when high quality imaging is prac¬ 
tised. Owing to interference between the direct wave and that scattered 
at the edge, a series of light and dark bands appears parallel to the edge 
which is analogous to optical Fresnel fringes^®’ With increasing 

distance from the true shadow edge the maxima and minima become 
closer together and less in intensity; their appearance in a micrograph 
is shown in Figure 69 and a densitometric trace across them in Figure 68. 
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Although they can only be obtained when an electron microscope 
is functioning well, they do not offer a means of estimating the resolving 
power of the instrument producing them. For instance, it appears 
(Haine^^’®) that a lens with spherical aberration may produce bands of 
smaller spacing than expected from optical theory, which assumes 
perfect imaging properties. On the other hand, the degree of uniformity 
of Fresnel fringes provides a measure of the residual astigmatism in an 
objective lens (p 158). Recently they have also been used for investi¬ 
gating the electrical and mechanical stability of an electron microscope 

(Maine 


Q^UALITY ESTIMATION 

A semi-qualitative criterion of the resolution in a particular micro¬ 
graph has been proposed by Hillier ; the maximum useful magnifica¬ 
tion of which the picture is capable. The basis of it is that a print will 
begin to appear unsharp when the smallest details in it are enlarged 
past the point where they exceed the resolving power of the unaided 
eye. In other words, the maximum useful enlargement is that which 
presents directly to the eye all the detail present in the original, as 
limited by the performance of the imaging microscope. Such a measure 
is bound to be partly qualitative, relying on subjective factors such as 
visual acuity, general impressions from the composition of the picture, 
contrast effects, repeat patterns and so on. At the same time it has 
some quantitative basis, since the resolving power of the eye is roughly 
fixed and the quotient of this by the maximum useful magnification 
will give the minimum size of object detail which has been clear y 
depicted in the micrograph. In this sense the criterion is more closely 
related to the minimum detectable particle size than to the other mea¬ 
sures of resolving power discussed above. If the resolving power of the 
eve is taken as o ■ 2 mm in conditions of normal viewing, a maximum 
useful magnification of 100,000 X would correspond to a detection 
limit of 20 A, one of 10,000 X to 200 A, and/iro rata for other values. 

Clearly such a means of judging performance will vary with ind - 
viduals, yet it provides a very useful standard for comparing the results 
from a given instrument under different operating conditions and with 
various specimens in the hands of the same operator. It also allows some 
degree of comparison between different microscopes, so long as its 
limitations are borne in mind. However, much more then depends upon 
photographic processing and ‘showmanship’; for instance, many a 
LadoLd pictu^re of high contrast has been appraised by^thc inexpert 
above an unshadowed picture containing much better inherent detail. 

To sum up, it appears that the best measure of the resolving power 
of electron microscopes is at present provided by the detection 
opaque individual particles, although the edge contour method with 
further investigation, may be capable of similar reproducibility. In 
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either case specially selected standard specimens need to be used, and 
in the first place to be defined, if comparisons are to be significant. For 
estimating the resolution in a routine micrograph from any type of 
specimen the maximum useful magnification may be used as a 
semi-quantitative measure. Sometimes the separation of neighbouring 
particles or the sharpness of a straight edge shadow may also be used, 
giving a more reliable quantitative result, and being particularly 
valuable in comparing pictures of much the same type of specimen 
taken in a variety of operating conditions and possibly on different 
instruments. As stressed at the beginning of this discussion, the conclu¬ 
sions are inevitably partial and tentative. In the present state of our 
knowledge of the fundamental processes involved it is difficult to set up 
a standard for resolving power or resolution that will be at the same 
time sharply defined and practicable. Each operator will choose the 
criterion best suited to his particular field of work. Hence the published 
claims of resolution will differ very widely until an agreed standard 
becomes possible. If any conclusion can be drawn from recent trends 
it is that operators become more guarded and conservative in their 
claims with increasing experience. 
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OPERATIONAL REQ,UIREMENTS 

The main features of the illuminating, imaging and recording sections 
of an electron microscope have now been discussed. In order that they 
shall function properly so as to produce electron micrographs of high 
quality, it is necessary to fulfil certain requirements of an electrical or 
mechanical nature which apply to the instrument as a whole. These 
include: accurate alignment of the several secdons, preservation of elec¬ 
trical, mechanical and thermal stability, attainment of sufficiently high 
vacuum, and routine cleaning and maintenance. Minimizing of residual 
astigmatism in the objective and of chromatic aberration in all stages 
also comes under this heading. Although pictures adequate for many 
purposes may be obtained from an instrument without more than 
‘common sense’ attention being paid to these matters, 
detailed investigation if high quality work is to be produced. For this 
reason they are discussed at some length m the present chapter, and 
references are given to a complete treatment whenever possible. 

ALIGNMENT OF THE INSTRUMENT 

The various component parts of an electron microscope have to be 
aligned to a higher degree of accuracy than can be ensured by eyen t e 
best machining and assembly work. The most cnt.cal matter, “ «- 

ted in discussing resolving power in chapter 5, is to ^ fo¬ 

ment of the illuminating system with the objective. But it is nec^^ai^y 
also that the electron gun should be first properly aligned with the 
SndeSser aurthen the projector with the objective. Mechanical or 
electromagnetic adjustments to meet all these requirements are there¬ 
fore included in the design of modern instruments 
most careful initial assembly of the set of lenses, so that the operator 
may carry out the final alignment with the machine in operation It 
nJds to be checked periodically, even if no units have been dismantled 
since the electron optical axis depends on the magnetic properties of 

:he materS of the'iole pieces, which 

with continual use and so caused to vary from the geometrical axis. 
The makers of each microscope provide instructions as to the me^od 
r r t Kpct suited to the controls fitted to it, but nevertheless it 

Say be heirful in understanding their effect if the underlying principles 
rnd\het application are discussed here with particular reference to 
the Metropolitan Vickers EM^ and EM3 models. 
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Alignment of gun and condenser 

The first requirement is for the electron gun to deliver a beam along 
the axis of the condenser. The tolerance here is wider than in the ob¬ 
jective, owing to the much larger bore of the condenser, and can be 
met by good mechanical precision in fitting the gun to the condenser. 
However, in some machines an adjustment is still provided for centring 
the gun on the beam defining aperture in the condenser. In any case 
the alignment in this stage relies upon the accurate positioning of the 
filament with respect to the aperture in the shield surrounding it. This 
can be assured by using a jig when making the filament or by adjust¬ 
ment after inserting it in the shield (p 79). Misalignment will show in 
practice in the difficulty of obtaining a symmetrical illuminating spot 
however the condenser is shifted or tilted. 

Alignment of condenser and objective lenses 

The most important adjustment in all instruments is the alignment of 
the illuminating beam issuing from the condenser with the axis of the 
objective lens. In general this will require both a tilt to bring the beam 
parallel to the axis and a lateral shift to bring the two into coincidence. 
Most instruments therefore allow the condenser to be translated across 
the axis by external controls and to be tilted on a bearing surface which 
has its centre of curvature either at the filament or at the specimen (cf 
p 72). The latter arrangement has the advantage that a tilt does not 
alter the field illuminated. Some instruments (RCA, Philips) now 
employ magnetic deflecting fields to produce part or all of these adjust¬ 
ments. 

If an adjustment of the condenser is available with respect to the 
beam coming from the gun the first step is to arrange it so that there 
is no lateral motion of the illuminating spot on the intermediate screen 
when the condenser current is widely varied. The objective may then 
be switched on and the adjustment repeated with greater accuracy on 
the magnified image. Owing to the large cross section of the beam 
relative to the field of view in the specimen plane, alignment is ensured 
in some models by careful location of the beam defining aperture when 
the condenser and gun are assembled, so that this adjustment may not 
be provided. The only preliminary attention to the illuminating system 
then necessary is to shift it laterally until the spot is in the centre of the 
intermediate screen and covers the aperture admitting the final imaging 
beam to the projector. 

However, the beam may still be making an angle with the axis of the 
objective; they should be parallel within an angle of iO“^ or better. If 
this degree of tilt is greatly exceeded field aberrations such as astigma¬ 
tism and coma will be accentuated and will affect the resolution in the 
image, over and above the inevitable spherical aberration which exists 
even for a point on the axis illuminated by an axial beam. Misalign- 



Alignment of the instrument 

ment is shown by a shift of the image on the viewing screen on defocus- 
ing the objective. Even when no particular regard is being paid to 
resolution this shift is inconvenient as it makes it more difficult to judge 
exact focus. In correct alignment the image of a specimen should ex¬ 
pand and contract about a point in the centre of the screen when the 
objective control is varied. Owing to the rotation of the image produced 
by magnetic lenses, any point off the axis will describe a spiral. The 
essential task of alignment, apparently simple, is to identify the axis 
and then to adjust the illumination to coincide with it. However, a 
confusing lateral shift will be superimposed on it and on the spiral 
motion of the rest of the image if the illuminating beam is tilted with 
respect to the objective axis. It then requires careful attention to the 
effect on the visible image of each adjustment if exact alignment is to 
be rapidly attained. The best sequence of operations to this end will 
depend on the mechanical adjustments fitted to the particular in¬ 
strument. When the projector is taken as reference, and fixed with 
respect to the final screen (RCA), a system of progressive approximation 
must be adopted by adjusting in turn each of the lenses above it. It is 
better to take the objective as reference since in fact it is its axis which 
sets the standard, and to adjust all the other sections with respect to it as 

is done in the Metropolitan Vickers models. c j- u 

Here the effect of tilted illumination is avoided, when finding the 
axial point in the specimen, by reversing the objective current instead 
of varying it slightly about focusThe rotation of the image will then 
be reversed and any point off the axis will jump to a new position, only 
the axial point will remain fixed. Even if no distinctive point exists m 
the specimen at the axis by which it can be immediately recognized 
it is not difficult to observe the change in position of some other point 
on reversal. The axis must lie on the bisectoi- of the line joining its two 
. positions. The point may now be moved to a new position by the st< g 
Controls, the reversal repeated, and another 
intersection of these two bisectors may be visually 
reference point then moved to coincide with it. Reversal of the objec¬ 
tive curre^^t will now check whether this is in fact the point at which the 

lens axis intersects the specimen plane. ^Vith experience 
is quickly made, to a first approximation, by visual obscivation of the 
image on^he in ermediate screen. The projector lens is then translated 
so afto bring the reference point into its aperture or f crnatiyely the 
objective lens and illuminating system are so translated, when Pro 
jeemr is fixed. The identification of the axis is then accurately b> 

reversing the objective current while observing the shift of the final 

wh» r..y „ow ,xcu, ,n ,b. 

obie Jive current slightly about focus, must be due to a tilt ot the illumi- 
naiLn wiA respect m the objective axis. The illuminating system must 
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then be tilted until no image shift is observable, and image points off 
the axis merely spiral about it on defocusing the objective. Correcting 
the tilt may move the axial point from the centre of the field of view, 
to which it may be returned by translating objective or projector, as 
the case may be. 

Alignment of projector and objective lenses 

The above procedure ensures that objective and projector axes are 
parallel but not necessarily that they are coincident. This alignment 
of projector with objective is less critical and should be accurately 
enough ensured during construction to about o • i mm laterally and 
o • I ° in tilt. It may be checked by varying the projector current, when 
the image should rotate about a point in the final field of view as its 
magnification changes. In a three-stage instrument, however, the 
alignment of the intermediate lens is of importance. In the EM3 model 
both a lateral and a tilt adjustment is provided for the whole of the 
column above this lens, the tilt being centred on a point at the centre 
of the final projector in order to bring the objective axis into coinci¬ 
dence with that of the two projector lenses, which is fixed accurately 
during their assembly. 

The order of procedure to be followed in aligning the lenses may now 
usefully be summarized: 

a inspect the illuminating spot without, and then with, objective in 
operation. Adjust gun with respect to condenser (if practicable). Shift 
both so that illumination enters projector 

b shift specimen until a reference point remains fixed in the image 
on reversing objective current. Translate projector or objective until 
this point is in the centre of the field of view 

c vary objective current slightly about focus, and adjust tilt of the 
illuminating system until no image shift can be observed 

d centre the projector with the objective, if the additional adjust¬ 
ment is provided. 

It will be appreciated that all the observations involved in the above 
procedure have to be made on the final viewing screen in the case of 
three-stage microscopes, in which it is impossible to include an inter¬ 
mediate viewing screen. However the initial accuracy of alignment and 
construction of the lenses should be sufficient for little difficulty to be 
experienced in recognizing the different image effects, provided that in 
each step preliminary observation and adjustment is carried out at low 
magnification. Thus, the illuminating system is first aligned to give a 
spot on the screen with the subsequent lenses switched off. Then a 
specimen is inserted, the objective is switched on and any necessary 
adjustment made to keep the spot on the screen. The objective is then 
reversed and the axial spot sought with the final projector at low magni¬ 
fication and the intermediate projector off. The rest of the centring 
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and tilt adjustment follows, as described above. The objective and pro¬ 
jector axes being thus aligned, the intermediate lens is switched on at 
low power. If the centre point of the final image moves when this is 
done the axial ray from the objective cannot be passing through the 
centre of the intermediate lens. The objective and column above it are 
then adjusted by the intermediate tilt screws until no such movement 
of the image occurs; the alignment is then complete. Since the tilt takes 
place about a point in the centre of the final projector it does not 
disturb the initially obtained alignment of the latter with the objective. 

In both two-stage and three-stage models the full procedure is only 
occasionally necessary, for instance, after radical dismantling of the 
column. In general the operator will be concerned only with minor 
adjustments of one or other section, and particularly of the illumina¬ 
ting system after fitting a new filament. These are very rapidly carried 
out, after a little experience in associating a given effect on the image 
with the corresponding shift of a section or change in lens current. 

LENS DEFECTS 

DETECTION AND CORRECTION OF ASTIGMATISM 

The above discussion of alignment has dealt with the mutual adjust¬ 
ment of the several sections of the microscope. It has been assumed that 
the construction of each lens is satisfactory in itself. In the condenser 
this should always be so; in the projector the constructional tolerances 
are not very strict; but in the objective they are such as cannot be at¬ 
tained by the very highest mechanical skill. There will always remain in 
the objective a degree of astigmatism determined by minute variations 
of its pole pieces from true circularity of bore, mutual alignment and 
magnetic homogeneity. In the early days of electron microscopy it was 
only possible for makers to set a high standard of inspection, and to 
reject those pole pieces which failed to meet it. More recently means 
have been devised of correcting this residual astigmatism due to imper¬ 
fections of construction. As it is not yet the practice of makers to offer 
such compensated objectives as a standard item, although it may soon 
become so, a brief description of the essential procedure involved will 
be given here: the full experimental details may be found in the origi¬ 
nal paper of Hillier and Ramberg^* and a less rigorous alternative 

method in that by Le Poole®*. 

The mechanical tolerances for objective construction remain such’*® 
as may be achieved by very good workmanship so long as a resolving 
power better than 50 to 100 A is not required. Hence commercial elec¬ 
tron microscopes can be guaranteed to give this level of performance 
under correct operation. It is only when the utmost resolving power is 
sought that the labour of compensating the objective is worth while; it 
is essential if better than 40 A is required. 
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The effect of residual departures from geometrical perfection in the 
shape of the pole pieces, or in the homogeneity of their magnetic materi¬ 
al, is to deform the focusing field from the rotational symmetry which 
a ‘spherical’ lens by definition should have. The asymmetry thus in¬ 
troduced is equivalent to the addition to the lens of one or more weak 



Figure 70. Ray paths in astigmatic lens, showing tangential T and 

sagittal S line foci 

cylindrical lenses, in the true optical sense of the term. The practical 
result is that it now has different focal lengths for rays entering in 
different planes. It is found that the most pronounced error gives rise to 
two focal lengths in two planes at right angles to each other, corre¬ 
sponding to the simplest form of astigmatism shown by a completely 
spherical lens for points off its axis. As shown in Figure 70, this means 
that rays in one plane are brought to a focus at a point closer to the lens 
than those entering in a plane at right angles to it. Rays in intermediate 
planes are focused at intermediate points along the axis and nowhere is 
there a true point image of a point object. In the absence of other 
aberrations there will be a circular disk of least confusion at an inter¬ 
mediate position and two focal lines intersecting the axis where the two 
characteristic planes of rays are focused. A disk object will be imaged 
as a larger disk at the ‘in-focus’ condition corresponding to X or as an 
ellipse at S or T. For a true point object, in the ideal case, the focal lines 
are symmetrical about the disk of least confusion of diameter D so that 

—/(), and 5 — / = 2.... {31) 

where a is the objective aperture and s and / the lengths of the two 
focal lines. 

In electron microscopy the two line foci and the disk of least con- 
fu«^ion are brought into view on the final screen in turn, by varying the 
focal power of the objective. Their appearance is shown in Figure 71a, 
b and c, for a case of severe aberration. The degree of astigmatism is 
therefore best measured in terms ofthe focal separation [ST ={fs — /()]» 
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Figure 71. Image of ‘gold sol particles formed by astigmatic Icm: 
b near fLus, c below focus, d best focus m criticahlluminaiion w ith I 

ser aperture^ 10,000) (C>aveitdish Laboratoi y) 


a aliove focus, 
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as deduced from the corresponding diirci cncc in objective current. Ihc 

size of the disk of least confusion is not a suitable measure as it wil 
depend in practice on the size of the object point, winch is not m general 
known, and on the angular aperture ol the beam. 
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However the astigmatism has to be severe before this change of form 
is visible to the naked eye in the electron microscope image. The nor¬ 
mal objective, producing a resolution better than lOO A, should not 
show it in the usual conditions of illumination. It is possible to enhance 
the effect to visible proportions by increasing the illuminating aper¬ 
ture, either by deflecting the beam with a ‘wobble’ field or by operating 
the condenser at maximum aperture, if necessary fitting a larger physi¬ 
cal aperture in it. This is one way of detecting the presence of astigma¬ 
tism and estimating its severity. If it is bad enough to give a disk of 
least confusion of 50 A, under the comparatively small illuminating 
aperture of 2 • 5 X io“® radian, it will have a focal separation ST of2tA and 
show an effect just visible to the naked eye at 20,000 X magnification. 
Increasing the aperture of illumination to io~^ will enlarge the disk of 
confusion to 200 A in the object space, or to o -4 mm in the image at the 
same magnification {cf Figure 71). The difference between D and the 
length of a focal line will also be 0-4 mm and thus easily visible; the 
focal separation remains unaltered. The limit of detection by the naked 
eye, with the widest practicable ‘wobble’ of the beam, corresponds under 
these conditions to a focal separation of about i (a, and a residual aberra¬ 
tion of 25 A. It is desirable to reduce the astigmatic effect below 10 A, 
corresponding to a focal separation of less than o ■ 4 [i, and this is possible 
by observation of the symmetry of Fresnel fringes, as described below. 
It is first necessary to indicate how the correction may be made. 

The principle of correction is to introduce a field of asymmetry equal 
in magnitude and opposite in sense to that prevailing in the defective 
pole piece. The method used by Hillier and Ramberg originally was 
to insert soft iron screws radially into the gap between the upper and 
lower pole pieces, varying their distances from the axis until they so 
modified the pre-existing field as to restore symmetry. It has also been 
suggested that small coils carrying current might be used in place of 
screws to create the compensating magnetic field, or that a similar 
electrostatic field might be set up by applying different potentials to a 
set of radially arranged electrodes These two proposals have the 
advantage that the relative adjustments may be made smoothly and by 
controls outside the evacuated microscope. The original method may 
also be modified, when the objective has a symmetrical winding, to 
allow the correcting screws to be manipulated from outside the vacu¬ 
um The minimum number of screws needed for correction would 
be four, if they could be placed in the principal directions of asymmetry 
of the field. As these are not known beforehand eight screws (or coils, 
or electrodes) must be used. 

So long as the astigmatism is large enough to be directly visible on 
the screen, with the illuminating aperture deliberately increased, the 
screws are adjusted so as to reduce the elongation shown by point 
objects when the objective is slightly defocused. It will quickly be found 
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Fiffure 72. Astigmatic enhancement of detail in 
flageUum of protozoon: a first focal line in axia 
direction, showing fibrous structure, b second focal 
line transverse to axis, showing cross striations 
(X 9 , 000 ) (Cavendish Laboratory) 

which adjustments produce a change in the desired direction. A suit¬ 
able object to use in conjunction with an enlarged condenser aperture 
is a colloidal dispersion of a metal such as gold or silver. A more sensitive 
method, however, is to omit the condenser aperture altogether and to 
employ a beam wobbler of the type described by Le Poole . I" of 
the single deflection of the beam from one side of the axis to the other, 
as used for fine focusing (p 88), he uses two similar deflections m mutually 
perpendicular directions and out of step by a quarter of a phase. As a 
result the effective deflection field has a circular rotation and the beam 
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is swept around the surface of a cone as it converges on the specimen. 
This illumination, of larger angle than normally used, is allowed to fall 
on an object with circular holes such as occur in many species of diatoms. 
A regular object of high contrast is thus obtained, and any change in 
its shape due to astigmatism is readily seen on defocusing the objective. 
Le Poole claims to be able to detect an astigmatic focal separation of 
about a micron by this means, to which degree of correction his lens is 
rapidly brought by adjusting correcting screws from outside the lens. 

To progress beyond this degree of correction it is necessary to alter 
the illuminating conditions in the reverse sense, using a defocused con¬ 
denser with practically parallel illumination in order to obtain Fresnel 
fringes. As mentioned above, these appear when an opaque object is 
observed with a slightly defocused objective 121-124 

When the object is semi-opaque the appearance of the fringes is 
different above and below focus. If the objective suffers from astigma¬ 
tism the fringes will have both appearances simultaneously in different 
parts of the best in-focus image: one astigmatic focus will be above the 
focal plane and the other will be below it. Hence edges of the object 
parallel to one focal line will show fringes of one type, and those at 
right angles will show fringes of the other type. The visible criterion of 
correction is then that the best-focused image should show negligible 
evidence of Fresnel fringes. 

Unfortunately these fringes are not directly visible in the conditions 
of illumination favourable to their formation, with highly defocused 
condenser, and it is necessary to resort to photography at very high 
magnification (20,000 x). With exposures of the order of 10 sec and 
regular semi-opaque objects such as carbon black or zinc oxide needles, 
or holes in a supporting membrane, adequate images of first order 
fringes are obtained. The direction and magnitude of the astigmatism 
is evaluated from their asymmetry, an adjustment made to one of the 
correcting screws, a new photograph taken and so on. Typical photo¬ 
graphs and exact details of the procedure are given in the original 
papcr'^. Owing to the length of exposure required the microscope must 
first be rendered highly stable from the electrical and mechanical view¬ 
point, thermal drift of the specimen must be eliminated and disturbing 
fields avoided. That is, all the precautions necessary for high resolu¬ 
tion micrography, as discussed in this chapter, must be rigidly observed. 
It is unnecessary to use a physical objective aperture so long as a small 
condenser aperture is employed. As the progress of correction can only 
be followed from photographs, the whole process is slow and complete 
correction takes several days of concentrated work, even with experi¬ 
ence. However, as it affords the only present means of reducing the as¬ 
tigmatic focal separation below o • 5 |x and thus obtaining resolutions 
below 20 A, it can be held to justify the time and trouble expended. It 
should be pointed out that the correction applies only to a given excita- 



Lens defects 




Figure 73. Through-focal scries of images with a lens having very little astig¬ 
matism, showing low contrast in true focus centre. (Metropolitan Vickers) 


tion of the objective, and thus only to a particular voltage and magnifi¬ 
cation. Even so, the pole pieces are gradually affected by hysteresis so 
that the correction must be checked from time to time. 

It must also be mentioned that the range of focus within which it is 
possible to produce Fresnel fringes is rather small (about i part in 100) 
and usually cannot be checked visually. A through focus series of 

photographs must be taken at successive positions of the objective fine 

focus, as read from a vernier dial or from a milliammcter in circuit with 
it; the objective current has to be varied by fractions of a milliamp. It 
will probably be found that the standard fine focus control does not 
provide sufficiently fine regulation. A suitably high and finely variable 
resistance should then be connected in parallel with it, along with a 
sensitive microammeter. A set of exposures should be taken at the 
visibly estimated ‘true focus’, and at settings of the resistance corre¬ 
sponding to a shift of the focal length by 10 ix per step m either direc¬ 
tion; it follows from equation 16 that dflf = 2^///- By this means the 
correct conditions for giving Fresnel fringes will quickly be found. 

In taking such a through-focus series it will probably be found diat 
the originally estimated ‘true focus’ was in fact slightly in error. The 
properly focused image has appreciably less contrast than that formed 
at small departure from focus in either direction because bodi he 
Fresnel fringes and the bands arising from aberration effects m t ic 
objective are more pronounced in the latter condition (c/p 
typical set of pictures is given in Figure 73; theoretically the form of the 
fringes has been investigated and the contrast change confirmed > 
Hillier and Ramberg- and by Scherzer- With experience it is 
possible to detect visually the slight drop in contrast at exact focus, 
with a fine enough objective control, and thus consistently to obtain 
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micrographs giving the best possible resolution from any specimen. It 
should be borne in mind, however, that this effect can only appear in 
the condition necessary for Fresnel fringe formation: strong defocusing 
of the condenser lens. 

It is worth noting that astigniatisn, when unavoidably present in an 
objective, may be turned to positive account. In passing through the 
two conditions offocus, corresponding to the lines S and T of Figure 70, 
line detail in the image which may lie parallel with these directions 
will be accentuated in turn. A case in which longitudinal and transverse 
structure was thus made visible is shown in Figure 72. 

CHROMATIC ABERRATION 

The attainment of high resolution in an electron microscope requires 
a high degree of constancy in the electrical supplies. It was shown in 
the theoretical discussion of focusing properties of lenses (p 33) that the 
focal length and image rotation depend on the beam voltage V and 
magnetic field strength H. Hence a fluctuation in either quantity will 
cause a change in the axial position of the image and in its orientation 
about the axis, which will partake of the character of an aberration. 
To distinguish it from the geometrical errors of the lens field it is termed 
the ‘chromatic’ aberration, by analogy with the variation in properties 
of an optical lens with the colour of the illuminating light. The parallel 
is close, since the wavelength of an electron beam is determined by its 
voltage just as that of a light beam corresponds to its colour. 

As the chromatic aberration has axial and rotational components it 
is convenient to discuss these separately, treating them as separate 
errors. Each object point is enlarged into a disk of confusion in the 
image plane, as explained in detail below, when it is illuminated by 
electrons which are not uniform in voltage. The effect is proportional 
to the aperture of the objective and is the only one occurring for 
axial points. It is therefore chiefly important in the objective, being 
much less in the projector. Points off the axis, when imaged by an 
inhomogeneous beam, experience also an increase in magnification 
and of rotation about the axis (cf equation 14), both being dependent 
on the radial distance of a point from the axis. The first part of this 
‘field’ aberration elongates a point into a line radially, the second part 
inclines the line to the radius. It afflcts both objective and projector, 
setting an upper limit to the size of field which may be imaged with¬ 
out undue confusion at the margin. Both axial and field chromatic 
aberrations must be kept less than the error arising from spherical 
aberration (p 103) and diffraction (p 98). That is, they set a limit to 
the permissible variation in accelerating voltage V in the beam and of 
focusing field H in the lenses. 

In practice the most important effect is the change in focal length 
with voltage i.e. velocity, of the beam. The relation between focal 
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length and voltage 
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H^-dz = 


V 



shows that/depends directly on V. Hence an increase in the accelera¬ 
ting voltage will cause a longer focal length, or a fall in the voltage a 
shorter focus, as shown in Figure 74. In fact there will always be elec¬ 
trons of slightly differing voltages in the beam, first because the high 



tension supply is not perfectly smooth in output, secondly because of 
small variations in the velocity with which electrons are emitted from 
the cathode and thirdly owing to collisions with atoms in the specimen. 
Hence Figure 74 represents an ever-present indeterminance in the focal 
point. The departure of the beam from strict monochromatism is 
measured by the fractional variation in voltage (/K/K, and its effect on 
the focal length may be deduced from equation 32 


dfjdV^c ^fjV 
or dfjj = dVjV 



For comparison with the geometrical aberrations it is useful to des¬ 
cribe the chromatic error in terms of the radius 8c of the disk of leas 
confusion which is formed between the two extreme focal points (D in 
Figure 74). This will depend on the width of the focused beam and 
thus on the angular aperture of the illumination. It may be shown that 

= • • • • 

where Cc is the chromatic aberration coelTicient, which is determined 
by the form and strength of the focusing field; it is sometimes icplaced 

by the non-dimensional constant C' = aif, 

lens operated at a given power. The variation of the “c n t ^ 
the lens power is shown in Figure 75 the be 1 -shaped field of equa¬ 
tion 20 L evaluated by Glaser“. It fiills sharply with increasing wiluc 
of the lens power parameter k\ but changes less rapidly m the region of 
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practical importance for strong lenses (Z:^ —itoi ■ 5),where approximately 
Ccif is proportional to/i. There is therefore a distinct advantage to be 
gained by keeping the focal length short. It follows from equation 34 
that the illuminating aperture a must also be kept small. Both these 
requirements fortunately coincide with those already set by spherical 
aberration (p 103). 

The new condition to be fulfilled is that the value of dVjV^ the vol¬ 
tage fluctuation, should be reduced to small proportions. For practical 
purposes it must be such as to make Sc smaller than the corresponding 
limitation on resolution set by spherical aberration Sg, If the latter is of 
the order of 7 • 5 A and a = 4 x io~^, as in the example on p 105, then 
the maximum permissible value o^dVjV is at once found from equation 
34 by inserting the value of Cc for an actual short-focus lens. With 
CcIf = o ■ 8 and f = 2 mm, Cc = i - 6 mm and dVjV = i - 2 X lo"^ 
Hence the variation in accelerating voltage must be held below this 
limit of I • 2 parts in 10,600 by appropriate design of the supply circuits, 
as discussed below. 

In practice this fluctuation limit has to be bettered, since another 
factor contributes to the chromatic error: variation in the current 
energizing the lenses. This results in a corresponding change in //, and 
from equation 32: dfjf = —2 dHjH, The full equation for Sc is then 

dV \2 i 2 dH \2 \ . . 

v ) "*"(//) 1 • • ■ • (35) 

if we assume the two errors to add geometrically, as on p 104. It is thus 
necessary to keep the lens current supply constant to twice the 
accuracy set for the voltage. In terms of the above example, the com¬ 
bined aberration sets a permissible limit to dVjV of about i part in 
20,000 and to (//////of about i in 40,000, for very high resolution opera- 
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Figure 76. Mains transformer-rectifier cir¬ 
cuit for high tension supply 


tion. Fortunately, these requirements are met without great difficulty 
by modern methods of stabilization. 

Voltage stabilization 

It will be sufficient here to indicate the main principles involved in the 
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attainment of the high degree of stabilization required in electron 
microscopy. Different models employ various methods, and full des¬ 
criptions are given of their layout and operation in the technical hand¬ 
books relating to each machine. Generally speaking, the choice is 



Figure 77. Feedback amplifier control for high tension 

supply 

between filter-smoothing the output from a normal mains transformer 
and controlling by feedback the amplified output of a valve oscillator 

operating at low radio frequency. 

The example given above relates to the requirements of high resolu¬ 
tion. If a total aberration of 100 A or little better can be tolerated the 
degree of stabilization is much less stringent. For 8c = 20 A and the 
same values of « and Cc, the value of f/K/F will now be i part in 7,500. 
This may be achieved by a straightforward 50 cycles mains transformer 
and rectifier, with large capacity condensers, so long as the current 
drain is small. With modern biased guns the output current is of the 
order of i o to 50 microamps, hence the required stabilization is achieved 
with condensers of one microfarad or so. For generation of 100 kv 
or higher, a voltage doubler is preferred; the schematic layout of such 
a supply is given in Figure 76. It is necessary to provide against longer 
term fluctuations in the mains supply in such a system by inseiting a 
saturated magnetic core stabilizer (or ‘constant voltage transformei ) 
in the primary circuit, as shown. This has the property of maintaining 
its output voltage constant to within i per cent or better, for variations 
in mains input\'oltage of 15 to 20 per cent. If the condensers are 
made of still larger capacity such a system is capable of a degree ol 
stabilization suflicient to meet the high resolution conditions of the 
above example, i part in 20,000. Such a stabilizing system is in use in 
the Siemens and Philips models, among others. To reduce the cost and 
bulk of the high voltage unit it is probable that dry rectifiers of the 
selenium or \\>stinghouse type will be increasingly employed in the 

future (M-V.EM 4). , 1 1 1 ■ 

The output of such a rectifier filter system varies with the load f.c. 

the beam current in the microscope. For very high resolution work it is 
necessary to compensate for this and other accidental output vari¬ 
ations. The principle used is to detect small changes in the high voltage 
produced, to amplify them electronically and then feed back the 
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resulting compensating voltage to the high voltage generator. The chief 
difficulty is in the detection of high voltage fluctuations. This is best 
done, as shown schematically in Figure 77, by tapping off from a high 
resistance potentiometer a fixed fraction of the output and comparing 
it with a reference voltage from a standard battery. The difference is 
used to control the output from the DC amplifier, which is fed as 
a correcting impulse into the transformer rectifier circuit. 

^Vhen feedback correction is operated at mains frequency it is rather 
slow in action and the compensating impulses lag behind the initial 
fluctuations, which thus are not entirely without effect on the image. 
The delay is greatly reduced by operating the whole generating set at 
high frequency, of the order of 50,000 cycles, as first applied in electron 
microscopy by Vance Here the source of high voltage is a high 
frequency oscillator which employs an air-cored resonant transformer 
developing 25 to 50 kv when in oscillation. In the standard RCA 
equipment its output is passed through a voltage doubling and rectifier 
unit, so that an adequately smoothed supply is passed to the electron 
microscope. A fraction of the high voltage is drawn from a potentio¬ 
meter and used to control the feedback amplifier, as in the low 
frequency supply of Figure 77. The use of high frequency allows the 
correcting impulses to be passed rapidly back to the oscillator. It also 
allows the transformer, condensers and other components to be much 
less bulky than those needed at mains frequency, so that the whole 
system is very compact and can be air insulated, avoiding the troubles of 
servicing oil-immersed equipment. However the simplicity of the mains 
set is lost; even after refining Vance’s original circuits the RCA model 
EMU still requires twenty five valves. 

For very high accelerating voltages, which are now beginning to be 
used, other supply sources may be more convenient. So far the system 
favoured for operation up to 400 kv has been the Cockcroft and Walton 
arrangement of rectifiers and condensers in cascade It is rather 
bulky but may be made less so by the use of dry rectifiers or by immer¬ 
sion in oil. Stabilization presents added difficulties, but a practicable 
method has been put forward by van Dorsten For much higher 
voltages it might be less cumbersome to employ a small pressurized 

van der Graaff electrostatic generator, or the disk type proposed by 
Grivet 

Coil current stabilization 

The current supplies to the magnetic lenses require a degree of stabili¬ 
zation depending on their function. The condenser has a wide tolerance 
and needs a stability of only about i part in 1,000 so that it remains at 
approximately a fixed point on the illuminating characteristic (Figure 
42). The objective, as mentioned, is most critical, and requires stabi¬ 
lizing to at least i part in 20,000 for reasonably high resolving power 
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(8c < 15 A). The projector stability should be about half this value 
since it is afflicted only by the field, and not the axial, chromatic aber¬ 
ration. The simplest source of supply is a large capacity bank of accu¬ 
mulators, giving about 50 v. It requires little maintenance and there 
is small risk of breakdown. On the other hand the lenses must be 
allowed time to come to thermal equilibrium after switching on, since 
their windings and control resistances warm up gradually, changing 
the value of the resistance and thus of the current energizing the lenses. 
This is not a serious disadvantage for most operating purposes since the 
lenses may be left running permanently; it only becomes important if 
frequent large changes in focusing conditions have to be made in cir¬ 
cumstances where high resolution is sought. 

To avoid these drawbacks most instruments now employ some means 
of electronic stabilization of current as well as of high voltage supply. 
The feedback principle is used, as for the latter purpose, and may be 
understood by reference to the simplified circuit of Figure 78a. The 
input voltage is applied across a triode valve through a scries resistance 
R, and the output is applied to a potential divider, from which a pro¬ 
portion is fed to the control grid of the valve V. Any increase in the input 
voltage will then cause a corresponding rise in the grid voltage, an 
increase in the current passing through the valve and thus a drop in the 
voltage across it. The value of the drop will depend on the ‘gam ot 
the amplifier and, by suitable choice of components, the system can 
be made practically self-balancing. The circuits used in practice are 
more refined, such as shown in Figure nU. It is possible by these means 
to obtain a stability of one or two parts in 100,000, well below the limit 

allowed for the objective. 

Chromatic loss in the specimen 

The above consideration of chromatic aberration in the objective has 



assumed that the causes are fluctuations of the beam voltage and lens 
currents. This is the case only for very thin specimens. An additional 
and sometimes larger departure from monochromatic conditions arises 
from the scattering suffered by electrons in traversing thicker objects. 
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A proportion of the scattering acts, depending on the nature of the 
atom concerned and the velocity of the electron, are accompanied by a 
transfer of energy from the latter to the specimen. The electron then 
emerges with a reduced velocity, which corresponds to a loss of part 
■ of its accelerating voltage. It will thus be brought to a different focus 
from that of other electrons coming from the same object point which 
may still have the original velocity. In general there will be an appreci¬ 
able number of these Mnelastically scattered’ electrons, with a continu¬ 
ous variation in energy loss from zero up to a value of hundreds of 
volts, the proportion falling off rapidly with the amount of loss. Hence 
the voltage ‘spread’ of the beam after passing through the specimen 
is very much wider than that imposed by fluctuations in the supply 
voltage, but fortunately the number of electrons suffering large loss is 
relatively small from specimens of the thickness normally used in elec¬ 
tron microscopy. 

It also appears that their effect on the image is to some extent bene¬ 
ficial, when a medium-size objective aperture is in use (Hillier 
Ramberg and Hillier . By reference to Figure 74 it can be seen that 
the true image of an object, as formed at ffhy the majority of electrons, 
will be surrounded by a halo of those which have lost energy: having 
a lower effective voltage, they will be more strongly focused by the lens, 
crossing the axis before f/and then spreading out again. The intensity 
distribution which they give around f/will depend on the distribution 
of energy loss among them, which falls off rapidly. Hence they will 
form a bright ring around the true object point (or disk, as it will be in 
fact); a dark ring will appear just within its true shadow, electrons 
having been scattered from this region into the bright band. The spheri¬ 
cal aberration of the objective has an even greater effect since widely 
scattered electrons falling within the aperture, even if they have suf¬ 
fered no energy loss, will not be brought to their correct focus in the 
image ofthe scattering point, as they would be in a perfect lens. The 
bands formed are of the order of 25 A in separation; they can only be 
observed clearly at high magnification and with a physical objective 
aperture of about 5 x io~^ radian. However their effect will still be 
present even when the magnification is lower. It is accentuated by 
slight defocusing of the objective, by a few parts in 100,000; greater 
defocusing gives rise to broader bands of about 100 separation, which 
are also essentially due to the scattering of electrons in the specimen 
but aie independent of lens aberrations. Along with the Fresnel fringes 
(P ^45) they cause the image contrast to increase with slight defocusing 

ofthe objective, thus enabling exact focus to be critically observed, as 
giving minimum contrast. 

If the object is only partially opaque, and thus lacking in natural 
contrast, an appreciable increase in contrast even at exact focus will 
e provided by the bright and dark bands arising from lens aberra- 



Letis dejects 


tions, and it will be rendered more readily visible. It thus appears that 
scattering and chromatic aberration arising from energy loss in the 
specimen has the positive value of improving contrast in images of 
semi-transparent objects on a transparent support. With very thick 
objects no electrons come through directly, all being scattered on to 
other parts of the image or else right outside the objective aperture, 
if they are not actually absorbed in the specimen. Hence a diffuse haze 
of electrons spreads all over the field of view, covering both opaque 
regions and transparent intermediate regions indiscriminately. The 
positive value of energy loss in low contrast specimens therefore turns to 
a disadvantage with very thick ones; in both instances a great improve¬ 
ment in detail can usually be obtained by reducing the size of the 
limiting aperture in order to cut out the more widely scattered part of the 
imaging beam. At the same time the resolution will be improved, since 
the chromatic error depends on the size of the aperture (equation 34). 

Aperturing effect of abenations 

With an aperture of optimum size (equation 30) no bands due to aberra¬ 
tions are visible around the edges of even thin particles. As the aper¬ 
ture size is increased the bands become pronounced and narrow but 
broaden and show less contrast with still larger aperture and finally 
disappear altogether. However, even in the absence of a physical aper¬ 
ture, the chromatic and especially the spherical aberration have an im¬ 
portant effecton the scattered electrons and in fact are largely responsible 
for the contrast still shown by the image. If there were no aberrations 

alltheelectronsscatteredfromagivenobjectpointwouldbe reunited by a 

perfect lens in the corresponding image point, so that all points in the 
object would contribute the same number of electrons to their irnages, 
apart from the very small amount of absorption in the specimen. 
Hence the contrast in the image would be negligible, although the 
resolution would be very high, being limited only by the diffraction 
effects at the outer rim of the lens; the lens diameter is assumed large 
enough to catch all scattered electrons, most of which are scattered 
within a cone of semi-angle lo"^ radian. However, the aberrations 
produce an effect equivalent to a physical aperture. In spherical aberra¬ 
tion the deviation of a ray from its true image point increases propor¬ 
tionally to the third power of its distance from the axis in the lens. 
Consequently, although most rays close to the axis are reassembled in 
an effective point, those farther out are spread over a rapidly increasing 
area of the image; thus the visible intensity around the image point 
falls off very sharply, and a peaked distribution not very different from 
that due to an aperture results (Figure 51). The other aberrations are 
not effective for an axial point, except the chromatic error, which de¬ 
pends directly on the aperture and thus contributes less to the contrast 
than does spherical aberration. 
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Hence scattering in the specimen is the main cause of contrast even 
when no physical aperture is fitted. The introduction of an aperture 
increases the contrast by trapping the more widely scattered electrons 
and sharpening the intensity peak at each image point. With increasing 
thickness of specimen the contrast deteriorates, particularly in the 
absence of an aperture, owing to the increase in intensity of the general 
background. This is due to the relative increase in the number of scat¬ 
tering points, to the higher energy losses and consequent greater chro¬ 
matic errors, and to multiple scattering diffusing each image point. 
With the most usual type of specimen, mainly consisting of carbon, a 
thickness of i,ooo A gives rise to an average energy loss of about 25 v 
from a 60 kv beam, corresponding to a chromatic disk of confusion of 
32 A in terms of the example of p 162, in which an aperture of 4 X iO“^ 
was assumed. At a thickness of i (x, well above the maximum tolerable 
in such conditions, the aberration from this cause alone would be 
320 A. For denser objects, such as metal foils, the energy loss and hence 
the aberration would be greater still. Volume scattering adds to it, as 
the effect of successive collisions of electrons in penetrating the specimen 
is to diffuse the imaging beam coming from a point on its far side into a 
disk, by the time it emerges on the side near to the objective. The size of 
this confusion disk depends on the 3/2 power of the thickness and on i / F. 
In the range of operation of most microscopes it is less important than 
the chromatic aberration proper. The latter depends on i/F^ so that 
at high voltages the volume scattering becomes relatively more impor¬ 
tant, although the total effect is reduced.Volume scattering also increases 
more rapidly than chromatic error with specimen thickness. Clearly 
the investigation of thick specimens requires the use of very high vol¬ 
tages {cf p 259). As a rough rule it may be taken that resolution cannot 
be expected to be better than about one tenth the thickness of the 
specimen. 

Practical consequences 

Apart from the influence on contrast just discussed there are a number 
of consequences of chromatic aberration in its other aspects which must 
be kept in mind in operating an electron microscope. The most obvious 
is the need to ensure that the supply voltage and lens currents are 
always as constant as they are rated to be. This is a matter of checking 
the circuits from time to time and of recognizing chromatic trouble 
in the visible image when it arises. 

Each model of instrument should be accompanied by a complete 
diagram of the electrical circuits, together with an indication of the 
accessibility of points for testing and the voltages or currents which 
should be found at them. Some have a built-in test meter already con¬ 
nected to the important test points, with a multipole switch for readily 
taking the readings. In any case it is advisable to have a multirange 
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test set always available for voltage, current and resistance measure¬ 
ment. It is also valuable to have the use of a cathode ray tube, with 
which the wave form of the supply may be tested when necessary. This 
is not difficult to do in the lens circuits and on the input to the high 
tension set. On the output of the latter it is only possible if a suitable 
high voltage potentiometer is set up, to tap olT a proportion of the vol¬ 
tage for applying to the oscilloscope. Apart from the simple metering 
of circuits, it will be obvious that all such fiiult tracking is a matter for 
someone with adequate experience of electronics. It is very helpful if a 
‘trouble shooting’ scheme is provided with the instrument, so that a 
logical procedure can be followed in testing, and the most probable 
points of breakdown first tried. It is always a good plan to enter in the 
log book the occurrence and cause of any circuit trouble, dates of re¬ 
placement of components, and so on. In this way a diagnosis chart can be 
built up for a particular instrument which will be especially valuable 

when outside help has to be called in. 

The second aim should be the detection of chromatic trouble as soon 
as it appears in the image. From its nature (Figure 74) the resulting 
confusion increases with distance from the axis; this is added to by the 
rotational part of the aberration so that a chromatically disturbed 
image will be in better focus at the axis than away from it. It can thus 
be distinguished from other errors when it is of readily visible magni¬ 
tude and the lenses are sufficiently well aligned for the axis to be in the 
field of view. Disturbance from external electric and magnetic fields is 
liable to displace the whole image, affecting all parts equally. A small 
chromatic defect is more difficult to detect as the slight confusion m 
the image may be inappreciable on the viewing screen, although evi¬ 
dent in\he photograph; it is hard to distinguish from the eficct of 
mechanical vibration, or possibly a rapid electrostatic charge and 

discharge at an aperture. It is necessary then to consider the probabi¬ 
lities and to make tests in the order which they indicate: for instance, a 
mechanical vibration is unlikely to appear suddenly unless some change 
has recentlv been made in the mounting of the specimen or of the 
whole machine, the apertures may have been recently cleaned, or some 
electrical components may have been replaced. When an imaging 
trouble occurs the sound rule to adopt, as in vacuum leaks or circuit 
breakdown, is to consider first what changes were most recently made 
in the system and which components are liable to breakdown but have 
had a long life, and to investigate these first. 

ELECTRICAL, MAGNETIC, THERMAL AND 

MECHANICAL DISTURBANCES 

A commercial electron microscope should be designed to be proof 
against mechanical vibration and shielded from external fields. How¬ 
ever, even for work at moderate resolving power it may be found that 
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there are residual effects of this nature, arising from special local cir¬ 
cumstances, and in any case thermal and electrostatic effects may make 
an appreciable difference to the quality of the image. When very high 
resolving power is sought, all these possible sources of disturbance need 
careful investigation. A displacement of the image of only lo to 20 A 
during exposure then becomes important. Some of the most frequent 
causes of trouble, and possible means of remedying them, will be briefly 
indicated here. 


STRAY FIELDS 

The all-metal construction of the instrument is sufficient protection 
against electrostatic fields. To counteract magnetic effects all electron 
microscopes are also provided with magnetic shields of high permeabi¬ 
lity material, such as mumetal, along the path of the beam. Any stray 
fields which may still penetrate to the axis are not very troublesome, as 
long as they are of constant strength. Their effect will be largely correc¬ 
ted in the process of alignment, and even more so if the objective is 
compensated for astigmatic effects as described on p 153. The chief 
causes of trouble are alternating fields, especially those of low frequency 
such as come from mains transformers. The most sensitive region of 
the beam path is that immediately below the objective lens, the sensi¬ 
tivity depending on the square of the distance of the region affected from 
the intermediate image; any disturbance of this image is also magnified 
in the projector stage. A shift of the image produced in this region, 
after the beam has been focused by the objective, will be of constant 
magnitude and direction however much the latter is changed in power. 
Thus, provided that the projector is kept constant in power, it may be 
distinguished from other sources of unsharpness by observing that the 
final image shows the same absolute amount of disturbance as the 
objective power is varied. If the disturbance remains constant even 
when the projector is varied it must be effective in the region between 
the latter and the viewing screen. 

The evident first precaution is to site the microscope well away from 
all likely causes of alternating fields, which include cables carrying 
large alternating currents as well as transformers, voltage stabilizers 
and so on. If an effect is still present its magnetic nature may be con¬ 
firmed by exploring the region around the column with a sensitive search 
coil and fluxmeter capable of detecting fields of the order of iO“^ gauss. 
If a field is found an additional mumetal tube should be placed along 
the axis of the instrument between the objective and projector. Quite a 
small tube is adequate since a bore of i cm will admit the beam; if 
however there is insufficient space to insert it in the column it may be 
necessary to resort to the use of large semicylinders of soft iron clamped 
around the outside. 

It is as well to repeat that the standard shielding of the microscope 
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should be adequate for all normal purposes and that such special pre¬ 
cautions should only be called for when high resolution is sought (be¬ 
low 40 A). In such a case, however, it may also be found that the space 
between the condenser and objective is not well enough shielded; in 
many machines it has no mumetal tube. An alternating field transverse 
to the axis in this region will act as a ‘beam wobbler’, artificially in¬ 
creasing the aperture of the illumination and thus reducing the resolu¬ 
tion. If a search coil shows a magnetic field to exist near this part of the 
column it should be shielded also by mumetal tubes inside or by soft 
iron semicylinders outside. 

Electrostatic charging 

Electrostatic charges may be collected from the beam by any insulating 
material which it strikes, whether directly or after scattering at an ear¬ 
lier stage. They result in irregular motion of the image as discharge 
takes place. Apart from its possible presence in the specimen the most 
frequent source of insulating material within the microscope is the slow 
deposition of organic substances from the vapour state or from greased 
surfaces. As mentioned below (p 176) a gradual accumulation of car¬ 
bonaceous deposit is found to occur on any surface exposed to the 
electron beam in practically all electron microscopes. 

Preservation of the best possible vacuum will reduce the nuisance 
but no positive means of preventing it is yet known. Trouble may also 
arise from insulating particles becoming detached from specimens and 
falling into the objective lens. It is therefore necessary to clean all such 
surfaces periodically, the frequency depending on the behaviour of the 
particular instrument; the procedure for different parts of it arc des¬ 
cribed on p 178. The objective aperture and pole pieces, and the speci¬ 
men holder itself, require most frequent attention. The occurrence of 
electrostatic effects from this cause is indicated by erratic shifting of 
the image, the amount varying when the intensity of illumination is 
changed. 

A related trouble is charging of the specimen itself, which is most 
likely to occur when using maximum illumination; the beam spot at the 
specimen will then be small and the current density high. In extreme 
cases the electrostatic forces set up may be great enough to disrupt 
the supporting film. I hc effect is also more severe when the specimen 
contains dense isolated particles, such as large biological organisms or 
inorganic colloids. The trouble can often be overcome by dcfocusing the 
condenser slightly, or by moving it laterally, until the illuminating 
spot extends over a grid wire. Alternatively, a heavy metal shadowing 
of the specimen may suffice or, for very intractable objects, a supporting 
film of aluminium or beryllium may be used (p 165). 

Another type of electrostatic disturbance may occur, characterized 
by an intermittent drift of the image across the screen followed by a 
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quick return to normal conditions. The length of the intervals between 
such ‘kicks’ will depend on the intensity of the illumination, being of 
several seconds duration at low beam currents but becoming a rapid 
flutter at high intensity. The cause of the trouble is usually to be found in 
the shield around the cathode, arising from deposition of material from 
the filament during long continued operation. The interior of the cy¬ 
lindrical shield must be thoroughly cleaned out, including the aper¬ 
ture, as described on p 178. The disturbance should not occur if this 
cleaning is carried out each time the filament is renewed, as should be 
made a routine procedure. 

THERMAL DRIFT 

Heat energy is transferred to the specimen in the same way as electri¬ 
cal charge. It occasionally may be enough to rupture the supporting 
film but more usually results in a slow drift of the image. As mentioned 
in the discussion of scattering processes, the average energy loss from 
the beam increases with thickness of specimen, so that the temperature 
rise is greater in thicker objects. 

The absorption of heat causes thermal expansion of the support grid 
and to a lesser extent of the object itself. A resultant image shift thus 
occurs whenever a change in illuminating conditions is made, leading 
to the establishment of a new thermal equilibrium between the speci¬ 
men and its surroundings. In the first place this is usually obvious when 
the beam is initially switched on. However the image should quickly 
reach a steady position if there is good thermal contact between the 
specimen grid and the holder. It is thus important to ensure that the 
grid is well gripped in the holder and that the latter in turn makes good 
contact with the stage plate, pole piece or other bearing surface. If the 
heat cannot get away from the holder a very slow image drift may 
result, which spoils the negative or else requires a long wait until stabi¬ 
lity is attained. Clearly it is again an advantage if all surfaces are clean 
and polished, so that good metal-to-metal contact is made. 

Secondly, a change in thermal conditions will occur if the condenser 
lens focus or the bias control of the gun is widely changed, as in defocus- 
ing the illumination for high resolution work. The total current reach¬ 
ing the specimen will remain approximately the same but the area 
over which it is spread will increase rapidly; the spot size may be only 
20 (i. in diameter in critical illumination, but more than a millimeter 
in the defocused state. Also in the former condition it may fall entirely 
in a free space of the grid, while in the latter it will cover many of the 
metal bars, greatly increasing thermal conduction from the illumi¬ 
nated area. The time required for image drift to cease will again be les¬ 
sened if there is a good thermal path from the grid as a whole to its 
surroundings. It will help if the condition recommended for electro¬ 
static stability is adopted, the viewing illumination being arranged to 
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fall on at least one grid wire in the first place, so that there is not such 
a radical change in conductivity when the spot spreads on dcfocusing. 
^Voven wire grids show in addition a large degree of local displacement 
owing to the wires shifting over each other on thermal expansion. 
Electrolytically produced grids arc much to be preferred from this 
point of view; they are also flatter, giving good contact between sup¬ 
porting film and metal. 

The actual temperature rise in the specimen will depend on its na¬ 
ture and thickness as well as on the illuminating intensity and thermal 
conduction in the grid. It is discussed in more detail in chapter lo in 
connection with the limitations of electron microscopy. It is normally 
of the order of ioo° C but may be much higher when the object is thick 
enough to absorb completely an appreciable proportion of the electron 
beam; it is possible to melt films of gold {1,063 and even beryllium 
(1,300® C) films if the illumination from a biased gun is turned to 
maximum. 


In general, temperature rise is liable to produce structural changes 
in the specimen even if it is not completely disrupted. The rise depends 
on the total electron current reaching the specimen as well as on its 
distribution, so that the chief constructional precaution is to ensure that 
no more illumination passes the condenser than is strictly required for 
visibility at top magnification. This is attained by fitting a limiting 
aperture in the condenser, of the order of o ■ 5 mm in diameter. Where 
specimens of great thermal sensitivity are to be investigated, and not 
at maximum magnification, it may be desirable to fit a still smaller 
diaphragm. However, as this makes centring of the lenses more diffi¬ 
cult, it is in general better lo adopt the working rule of starting obser¬ 
vation of the image with low illuminating intensity — high negative 
bias and defocused condenser — and only turning it up when abso¬ 
lutely necessary for visual focusing. The tendency to use high illumina¬ 
tion in order to sec more detail on the screen is to be resisted, especially 
with metal shadowed specimens in which re-crystallization may be 
promoted. It is better to darken the microscope room and to allow the 
eye to become adapted, and then to focus the image with minimum 
practicable brightness; with sensitive sjsecimens it may be necessary to 
take a focal series of photographs to m*ikc sure of the best result. 


MECU ANICAI. XIBRATIOX 

The specimen holder c.uino* l)c rigidly fixed since it has to be readily 
removed and replaced, and also translated in the stage plate for survey¬ 
ing different fields. It is thus iKxcssary to make the instrument as a whole 
proof against external sourtes ol mechanical \ibiation, and to leduce 
as far as possible the ellcd of internal disturbances such as arc inevi¬ 
table in the functioning of pumps, manipulating controls, operating the 
shutter and so on. 'I Ik' first reciuirement is a matter for the designer 
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and the machine should be provided with a shockproof mounting. This 
may be a mat or set of blocks of rubber, or a massive concrete block on 
iron springs as favoured by Siemens. The instrument will then readily 
respond to an impulse and it is as well for the operator to adopt as 
stable a position as possible for observing the image and to avoid sud¬ 
den jerks of the controls when taking a photograph. 

The second requirement, rigidity of the object holder with the rest 
of the instrument, is more difficult to achieve. The best solution is pro¬ 
bably that in the Siemens model, where the holder is firmly screwed 
into a block which is then racked down into firm contact with the upper 
face of the objective pole piece; this ensures good thermal as well as 
mechanical stability. However, the stage is then liable to move jerkily 
owing to friction at the bearing surfaces, which can be minimized by 
keeping the latter well polished. In any given machine it is only 
possible to make sure that all the existing fittings are secure: the object 
in its holder, the latter in its stage and the stage firmly held by its retain¬ 
ing springs. If any vibration remains, as may be visible at high magni¬ 
fication, the cause should be investigated. It may well be jerky action 
of the shutter in taking the exposure, although most now have a much 
smoother action than in some of the older models. It may be from 
external sources, such as motors, transmitted through the mounting 
to the microscope; more probably it may arise from the boiling of the 
fluid in the diffusion pump, which is usually connected rigidly to the 
instrument. When high resolution is of first importance it may be 
desirable to make the connection via flexible tubing. 

Even with all these precautions, it remains true that the specimen 
has to be moved about in its stage until a desired field is obtained in 
the image. It is usually found that it is then left in an unstable condition 
and goes on drifting slightly for some time, which may ruin an expo¬ 
sure. Stability may be attained by working the stage controls to and 
fro about the desired position with decreasing amplitude of motion. It 
is a good rule to give the controls, or the instrument column, a final 
tap with the hand before making the exposure, to relieve residual 
strains in the stage. It is always necessary to ensure that all surfaces 
of contact are perfectly clean; small particles of dust, or fragments of 
specimen, will hinder close seating or increase friction where relative 
motion has to occur. 


THE VACUUM SYSTEM 

The space within an electron microscope must be kept highly evacu¬ 
ated for two reasons: to permit steady and prolonged operation of 
the electron gun, and to avoid scattering of electrons from the beam by 
collision with residual gas molecules. The latter is ensured if the pres¬ 
sure is so far reduced that the mean free path of the electrons between 
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collisions is greater than the length of their path from cathode to photo¬ 
graphic camera {i—2 m). The required vacuum of I0“^ mm mercury 
is adequate also for proper functioning of the gun. It is maintained by 
a combination of rotary oil pump and diffusion pump, although two 
models now employ a high speed rotary molecular pump in place of 
the latter. Two stages of pumping are needed since the backing pump 
by itself cannot maintain a sufficiently high vacuum and the diffusion 
(or molecular) pump will not function at all without an adequately 
low forepressure. The diffusion pump may use either mercury or an oil 
of lower vapour pressure such as Apiezon or octoil (ethyl hexyl phtha- 
late); silicone oils usually ‘bump’ too much in the boiler and give 
additional contamination within the instrument. If mercury is used a 
liquid air trap is necessary to prevent its vapour getting back into the 
column. A cold trap, or at least an efficient baffle, is desirable even 
with an oil diffusion pump, to minimize the rate of contamination of 
specimen and apertures. 


Detection of leaks 

The rotary and diffusion pumps need little routine care apart from 
periodical renewal of the oil or mercury, and the procedure for this 
should be among the standard instructions for operating a given mi¬ 
croscope. The more frequent vacuum trouble is the occurrence of leaks 
of air beyond the capacity of the pumps so that the required vacuum 
cannot be maintained. In an instrument of practically all-metal con¬ 
struction such as an electron microscope, it is difficult to ensure that all 
parts are free of pinholes and all junctions sound, and even more 
difficult to trace the source of a leak when one occurs. One or more 
vacuum gauges will be incorporated in the instrument and the presence 
of a leak will be shown by a fall in their reading below the permissible 
minimum. By closing taps in turn it should be possible to find in which 
major section of the system the leak exists: the backing pump, the 
diffusion pump or the column. It is usually impossible to isolate smaller 
sections without radical dismantling, as may finally be necessary. Other 
tests should be made before resorting to it. 

The first task must be to ensure that it is in fact the vacuum that is at 
fault and not the pumps. Apart from actual breakdown of an essential 
part of either pump it may be that the heating supply or the cooling 
water to the diffusion pump has failed. Most instruments have an auto¬ 
matic cut-out in the water lead, to guard against failure of the supply; 
this should first be inspected, as well as the fuses, before taking meter 
readings with the various taps closed, otlierwise a rise in pressure may 
be interpreted as a leak when it is in fact the natural leakage rate, un¬ 
compensated by the pumps. 

If the pumps are working properly a search must be made for a leak, 
bearing in mind the general rule that the junction or component last 
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interfered with should be inspected first. For instance the gun may 
have been opened to replace a filament, or the objective lens to clean 
the aperture. Regularly opened joints, such as the door of the object 
chamber or the camera, should also receive attention, since a piece of grit 
may be preventing correct seating. The second general rule to follow 
is the inspection of junctions which receive regular stresses and so need 
periodical replacement; the seals through which the stage controls 
operate, or flexible metal bellows between units which are moved 
during alignment, especially in the condenser unit. A useful test for 
these and other sites is to hold a rag soaked in ether over the suspected 
place and to observe the appearance of the discharge tube, if one is in¬ 
corporated in the apparatus. A change in colour of the discharge will 
indicate an appreciable leak. 

If the leak is still unlocated the whole column must be isolated section 
by section. Each component is removed in turn, and its junction with the 
next is sealed with a metal blank fixed on with a rubber ring or with a 
sealing compound such as black wax or Apiezon Q, plasticine. Syste¬ 
matic search in this way will eventually isolate the part of the appara¬ 
tus containing the leak. The exact site of it may then be found by direct 
inspection, or the whole component may have to be immersed in water 
and subjected to high pressure; but the first step should be to renew the 
rubber gasket or other seal between this component and its neighbours 
in the hope that a cure will be effected. If it is not, the possibility that 
the cause lies in a pinhole, or even a fracture, which has developed in 
a casting, cannot be excluded. If this is suspected the makers of the 
microscope should be consulted. The great majority of leaks, however, 
arise in junctions between components — gaskets, metal bellows or wax 
joints — and are quickly found by systematic exploration. In this 
search, the taps and vacuum gauges themselves should not be over¬ 
looked. 


CONTAMINATION AND CLEANING 

In all electron microscopes it is found that surfaces exposed to the im¬ 
pact of the beam acquire in time a hard, insulating, carbonaceous 
deposit. This is particularly rapid in formation and deleterious in effect 
where the current density is greatest: i.e. on the limiting apertures and 
in the specimen. As already pointed out this leads to the accumulation 
of electrostatic charges and to a reduction of thermal transfer, so that 
severe drifting of the image occurs. Frequently the deposition is rapid 
enough to be visible if fine particles such as zinc oxide are watched 
for some time at a magnification of 20,000 X or higher. The gradu¬ 
al accretion of a semi-transparent layer can be seen which soon 
changes the whole appearance of the picture. The effect is particularly 
injurious w hen the size and shape of very fine particles, such as viruses 
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or protein molecules, is to be determined. It is probably largely due to 
deposition of clusters of ions formed from residual organic vapours in 
the ‘evacuated’ column by collision with the beam (Watson 
Hillier It may be accentuated by material evaporated out of 
metal surfaces, including the grid, and by the creep of oil films across 
them from greased parts, especially where these become warm from 
the effect of the beam or of the current energizing the lens coils 

(COSSLETT 

Various means of eliminating the deposition have been tried, particu¬ 
larly the use of an auxiliary electron spray to discharge surfaces in 
and around the specimen. Although this appears to be effective in the 
comparatively gross conditions of electron diffraction where high 
beam currents are the rule, it does not reduce the nuisance in electron 
microscopy (Hillier'^-). The only available procedure is prevention, 
by ensuring the best possible vacuum and excluding all grease or oil 
from the system. The careful tracing and remedying of leaks has been 
discussed in the previous section; it only remains to add that continu¬ 
ous care should be taken to keep the vacuum as high as practicable. 
A good test is to observe the rise in pressure which occurs in each sec¬ 
tion of the instrument when it is left overnight with the pumps and taps 
turned off. 

The exclusion of grease and oil from the interior is largely a matter 
for the designer but the operator can assist by ensuring that every 
metal part introduced is first cleaned in an organic solvent. Where 
grease unavoidably has to be used on a tap or junction the minimum 
possible should be applied; if the bearing surfaces arc properly matched 
an exceedingly thin layer will suffice. Another source of vapour is the 
photographic material used in the camera; it is of great advantage if 
this can be isolated from the rest of the apparatus until the moisture 
and other volatile inclusions from the emulsion and its base have been 
largely removed by the backing pump. Insufficient attention has been 
paid to these precautions in the past, cither by designers or users, but 
they become of increasing importance as the working resolution is im¬ 
proved and the size of particles examined correspondingly reduced. It 
then becomes essential to counter, by every precaution of cleanliness, 
the rate of growth of contamination so that it docs not interfere signifi¬ 
cantly with the shape and size of a particle before it has been focused 
and recorded. 


Cleaning 

Even where high resolution is not required the contamination sooner 
or later makes itself felt by the image shifts described. It is therefore 
important to establish a routine of cleaning which will forestall such 
evil effects. The frequency will be governed by the excellence of the 
vacuum conditions, by the nature and speed of the pumps and b\- the 
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detail required in the image. As a rough guide the objective aperture 
should be cleaned every week, the object holder and objective pole 
piece every month (or more often if no aperture is used), and the con¬ 
denser aperture, projector pole pieces and other exposed surfaces less 
often. The cathode shield and anode apertures should be cleaned each 
time the filament is renewed. 

The makers of each machine will provide details of the cleaning 
materials and procedure favoured for the different components, but 
a few general hints may be found useful. First, the greatest care should 
be exercised, when removing pole pieces and in subsequently handling 
them, to avoid scratching the outer surface, which has to be a very 
close fit in the main bore of the lens. It is advisable to clean the 
fingers beforehand with chloroform or methylated ether so that the 
pole pieces may be handled directly and thus the need for tissue paper 
avoided. The bore and end face at which the beam enters the pole piece 
should be cleaned by scraping with a match stick, or something simi¬ 
larly soft — never with metal; they may then be washed with chloro¬ 
form and lightly polished with an orange stick or with lens tissue. If the 
latter is used it should be free from loose fibres, which would remain in 
the bore and interfere with the image. It is as well to give the pole piece 
a final rinse in ether, or to blow through it lightly, to remove any residual 
fibres or particles. Examination with a simple magnifying lens will 
show whether the end and bore are sufficiently polished and clean. 

The aperture, if of copper, may be cleansed of deposit by soaking for 
a short time in 20 per cent formic acid, rinsing in changes of distilled 
water and finally in chloroform or ether. The object holder and the 
condenser aperture may need similar treatment from time to time. The 
part need not remain in the acid until bright, as the deposit soon loos¬ 
ens and may then be removed with a soft cloth. If the aperture is of 
platinum it may be cleaned by heating to white heat on a piece of 
platinum gauze held in a gas flame. It should then be washed in ether 
immediately before replacing in the instrument. If the actual hole 
appears no longer round under a low power microscope, it should be 
reamed out very gently with a ground-down needle point. This is an 
entirely practicable operation with apertures down to 40 in diameter, 
and with experience may be carried out on even smaller holes; it is as 
well to mount the aperture in its holder for the purpose. 

The larger apertures in the gun shield and anode may be similarly 
cleaned. Being less sensitive, they can be lightly rubbed with fine sand 
paper to remove deposit and then washed in ether. The outer surfaces 
of both electrodes should then be polished on a buffing wheel to give a 
mirror finish. The bore of their apertures should be finally polished 
with an orange stick. These precautions contribute appreciably to the 
stability of the electron gun. 

Other metal surfaces which are likely to be struck only by scattered 
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electrons should be cleaned occasionally in chloroform or xylene. Simi¬ 
lar treatment should be accorded to any metal parts newly inserted 
into the vacuum after being handled, to reduce the amount of organic 
material introduced. Any joints which require greasing must, of course, 
be completely cleaned and re-greased from time to time as the grease 
deteriorates. 

Most of the necessary cleaning operations may be carried out with¬ 
out dismantling the instrument, as the apertures and pole pieces may 
normally be removed through ports in the column. From time to time, 
however, perhaps once or twice a year, it is recommended that the 
whole column be dismantled and cleaned right through. Opportunity 
is also provided by this operation to inspect the condition of vacuum 
seals, metal bellows and such ‘consumable’ components. If the machine 
is in good order throughout there is no point in such a spring-clean, but 
it will usually be found after it has had a great deal of use that the per¬ 
formance deteriorates owing to the accumulation of deposits elsewhere 
than in the readily accessible places. When dismantling the column, 
whether for this purpose or in searching for leaks, it is important to 
inspect each section for location marks or to insert them if they do not 
exist. This is especially desirable with regard to the orientation of the 
objective pole piece in its seating, and to that of the objective aperture 
holder in its place. In removing the objective pole piece during the 
process of correcting its astigmatism (p 156) such attention to orienta¬ 
tion is absolutely indispensable. 

It must be repeated in conclusion that careful attention to avoiding 
contamination, and to removing that which is inevitable, is very 
necessary if micrographs of high quality are to be produced with any 
consistency. The required chemicals and apparatus are readily obtain¬ 
able and the simple procedures quickly learned. Time and trouble 
spent in this direction will be rewarded by the improvement obtained 
in the stability and clarity of the image. 

X-RAY PROTECTION 

Like any other electron beam device, the electron microscope produces 
x-rays from any surface which is struck by the beam. Fortunately most 
of those parts receiving the heaviest load — the condenser and objec¬ 
tive apertures and the object itself — are all surrounded for oilier rea¬ 
sons by large masses of metal, which effectively shield anyone near the 
instrument from possible ill-effects. The exceptions arc the anode and 
the viewing screen. If the gun is well designed most of the beam should 
pass through the aperture in the anode and only a small current sliould 
be incident on it. It is not difficult to surround the anode with a few 
millimetres thickness of lead, which is ample to reduce the emitted 
x-rays below tolerance dosage. 

The viewing screen is another matter, and the same applies to the 
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intermediate and any other screen fitted to the instrument for con¬ 
venience in alignment. By their nature they have to be open to regular 
observation, and are usually thinly coated on a metal surface which 
will be a good emitter of x-rays. The lower the magnification of the 
beam, the greater the current density and hence the greater the x-ray 
production on any screen. The designer should therefore ensure that a 
suitable thickness of lead glass is fitted to the viewing windows, especial¬ 
ly those of the screens nearest to the anode. On the final viewing screen 
the current density is so low (cf p 52) that in normal operation x-ray 
production should be well below the tolerance dosage. It is as well, 
however, to seek assurance on this point from the makers if a great deal 
of work is to be done at the highest possible voltage and low range of 
magnification. If there is any doubt about it the cooperation of a radia¬ 
tion laboratory or hospital may be sought in making a simple test with 
the photographic strips now in regular use for recording exposure to 
radiation risks. A test film should be placed in turn in the sites most 
likely to receive x-rays i.e. before the various observation windows, and 
another should be carried in the pocket of the regular operator of the 
microscope. Any positive exposure should be reported immediately 
to the makers. 

The problem of protection becomes much more important at very 
high voltages since the efficiency of x-ray production increases with the 
square of the voltage. The thickness of lead required to shield the anode 
becomes of the order of a few centimetres at 500 kv, with a beam cur¬ 
rent of a fraction of a milliamp as used in high voltage electron micro¬ 
scopes. Additional security is obtained by using materials of low atomic 
number such as beryllium for the apertures, as well as by attention to 
the design of the electron gun (van Dorsten As very high voltage 
microscopes come more generally into use there will be greater need 
for testing x-ray production than exists at present with commercial 
models of voltages no higher than 100 kv. 
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SPECIMEN TECHNIQUES I: 
PARTICLES, TISSUES AND SECTIONS 

PREPARATIVE METHODS IN ELECTRON 

MICROSCOPY 

The specimen techniques employed with the electron microscope have 
been developed to satisfy its operating requirements. The limited pene¬ 
tration of the beam demands that the specimen should be very thin, 
by the standards of optical microscopy, and vacuum conditions require 
that it shall be dry. The prospects of overcoming these limitations arc 
discussed in chapter lo. With the instruments at present available the 
maximum thickness of specimen which will give a clear image is of the 
order ofo * i to o *2 [x when it is compacted, or about i \i for biological 
material, the high moisture content of which leads to an clfcctivc re¬ 
duction of thickness of about tenfold on desiccation. Investigation is 
therefore confined to particles, fibres and films, whether organic or 
inorganic, which are below these thickness limits in the natural state 
or may be reduced below it by artificial means; to tissues and cut sec¬ 
tions which are sufficiently thin; and to replicas which may be obtained 
in thin-film form from the surface of thicker materials. Even so the 
range of applications is very wide, as is evident from the bulk of the 
bibliography of the subject especially with the development of im¬ 
proved techniques for preparing replicas and for cutting sections of the 
order of o • i (a thickness. There is a wealth of detail in nature, below the 
resolution limit of the optical microscope, which with ingenuity may¬ 
be explored by electron microscopy without offending the limitations 
of thickness. The necessity for desiccation remains, however, as a great 
obstacle in the way of interpreting micrographs of biological specimens 
in particular. A great deal of systematic work is now required, on the 
lines of that conducted in light microscopy some fifty years ago, to 
distinguish with certainty between true structures and artefacts intro¬ 
duced by present preparative methods. This can only be carried out 
satisfactorily by careful comparison of the findings of electron micro¬ 
scopy with those of the various methods of optical observation, inclu¬ 
ding dark field and phase contrast microscopy, and with the ex idcnce 
provided by less direct techniques such as ultrafiltration and centrifu¬ 
gation. The recognition of artefacts will be even more troublesome than 
in light microscopy due to radical changes which may accompany 
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drying, although some degree of control is now possible within electron 
microscopy itself by the development of replica methods for the surfaces 
of tissues and sections in the wet state. 

It is convenient to divide the methods of specimen preparation into 
those applicable to isolated particles, tissues and sections, and those 
used for investigating the surface of compact matter. The former are 
discussed in the present chapter and the latter in the next chapter. As 
the above-mentioned case of tissues and sections indicates, there is often 
in practice an overlap in the application of these two general categories 
of techniques, several different methods sometimes being employed in 
turn on a given specimen. It is also true that shadow casting with me¬ 
tals and stereophotography are used as much, if not more, for isolated 
objects as for surface study, although it happens to be more suitable 
to include them in the next chapter. It is therefore desirable for the 
metallurgist, for instance, to be familiar with general preparative 
methods and for the biologist to keep an eye on the progress in replica 
techniques, especially in the present formative stage of the subject. The 
division adopted here is largely arbitrary and must not be regarded as 
defining the range of methods to be used in two different types of labo¬ 
ratory respectively. 

In the space available it is possible to describe only the more impor¬ 
tant preparative techniques, attention being paid to the basic methods 
in those fields of application which engage most interest. Practical 
details will be given which are often taken for granted, and references 
provided so that special applications of methods can be followed up at 
will. A number of recent publications have at last provided the electron 
microscopist with consistent accounts of the available techniques, ren¬ 
dering detailed exposition here in any case unnecessary. The Practice of 
Electron Microscopy, edited by Drummond ^ covers all fields, whilst 
^VYCKOFF has paid particular attention to biological applications 
and the Symposium^^'^ of the British Institute of Metals deals with those in 
metallurgy. 


CLEANLINESS IN WORKING 

Since the aim of electron microscopy is to detect and elucidate the 
significance of particles, or structural details of the specimen, which are 
smaller than i a in extension, it is necessary to take precautions to 
exclude from it larger particles of related material and all foreign mat¬ 
ter which may confuse the interpretation. Suitable treatment of various 
types of specimen to rid them of larger particles of fragments, by wash¬ 
ing, centrifugation or extraction, will be discussed in their respective 
places below. Here a word must be said about the general high standard 
of cleanliness in working which must be observed if extraneous matter 
is not to be admitted to the specimen during its preparation. Large 
particles, of several microns in size, of dust, dirt or debris would lead to 
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obscuration of relatively large areas of the field of view, as well as to the 
absorption of such an amount of heat and electrical charge from the 
beam as to disturb the image and possibly disrupt the supporting film. 
Smaller particles are liable to be mistaken for normal constituents of 
the object. It is therefore necessary to work with clean solutions and 
glassware, and to take simple precautions in collecting and storing the 
specimen. 

Many commercially supplied solvents will be found to contain a cer¬ 
tain amount of foreign matter in suspension. It is desirable to conduct a 
‘blank’ test by drying out a drop on a suitably resistant supporting film, 
which may be selected from those described below. It will sometimes 
be found necessary to re-distil a solvent before use in electron micro¬ 
scopy. Settling or normal filtration is of little value since the size of 
particle to be eliminated is so small. The same applies to supplies of 
stock film-forming materials such as nitrocellulose and Formvar^ some 
samples of which are badly contaminated. If gross foreign matter is 
present improvement can be effected by centrifugation or by filtration 
through sintered glass filters of fine grade. Ordinary filter paper should 
be avoided, as it is liable to introduce further contamination. If these 
methods leave the liquids still unduly full of solid matter a new supply 
should be taken, since film-forming materials cannot be re-distilled in 
the same way as solvents. 

Containers for the solvents and stock solutions should be equally free 
from foreign matter. The standard method of washing thoroughly with 
chromic acid and rinsing several times should be adequate, ending 
with distilled water or re-distilled alcohol. The stoppers should be of 
glass, not of cork or rubber. Similarly all glass rods, micropipettes, 
slides and so on which may be used, should be well cleaned beforehand. 
With these it will usually be possible to adopt the simpler and more 
effective practice of first rinsing in water and then flaming in a bunsen 
or alcohol flame. It is especially important that this precaution should 
be taken when taking drops from stock film-forming solutions, to avoid 
introducing permanent contamination. For this purpose it is best to 
use a glass capillary tube, freshly drawn out in a flame, with the thumb 
or a rubber cap used to close the end when inserting it in the solution. 
The same course should be adopted in taking sample drops of suspen¬ 
sions for transfer to a prepared grid, or alternatively a platinum loop in 
a glass or metal handle may be used as it can be readily flamed off and 
used time and time again. Use of a glass rod is easier but more likely to 
lead to contamination, especially from the surface of the liquid, on 
which foreign matter is particularly likely to collect. 

Similar precautions are required in cov^cring the grids with the suppor¬ 
ting films used for mounting most types of specimen. 'I'he metal grids 
should be sufliciently clean as bought, but if copper grids have been 
exposed to the atmosphere of a laboratory for some time they may 
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carry a loose coating of oxide or other corrosion product. They should 
then be rinsed in dilute acid followed by distilled water, before being 
used for specimen mounting. The containers, simple instruments and 
especially the distilled water used in forming the supporting film, should 
also be inspected for cleanliness. Inspection of a few ‘blank’ films in the 
microscope will at once reveal the state of affairs. Commercially sup¬ 
plied distilled water often contains bacteria; if they are found to be 
present, re-distillation should be carried out and a few drops of formalin 
should be added to the water immediately after distillation. 

The amount of dust and bacterial contamination in the atmosphere 
is not normally sufficient to call for special precautions during prepara¬ 
tion provided that exposure of the object to be examined is kept to a 
minimum. That is, the preparation of film should be carried out as 
quickly as possible, the water or glass surface used must be kept covered 
when not in use, all bottles tightly stoppered and tools freshly cleaned 
before use. The same applies to the particular stages of preparation and 
purification of the specimen, which should be quickly transferred to the 
prepared grid; this is then stored in a desiccator or other container 
until it can be inserted in the microscope. In most instances these 
simple precautions should suffice, and it will be found that a proper 
routine is not difficult to establish. In special cases, however, where 
bacterial contamination must be completely ruled out or highly accu¬ 
rate particle counts arc to be made, it may be necessary to use a dust- 
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free room or cabinet. The simplest arrangement is a glass case with 
fabric sleeves entering through one wall. 

All the procedures of film preparation and specimen mounting arc 
carried out more efficiently and cleanly if a bench is permanently set 
aside for the purpose and covered with white paper or other material 
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which is easy to clean and renew. A large sheet of 3 /16 or i /4 in plate glass 
may be placed on it, on which all the essential operations may be carried 
out. The necessary implements, minor apparatus and solutions can 
then be grouped around it, conveniently within reach, as shown in 
Figure 79. It is useful also to have a high power optical microscope 
with suitable illumination set up close at hand, for inspecting finished 
. grids before they are passed to the neighbouring desiccator or storage 
cabinet. 


PREPARATION OF SUPPORTING FILMS 

Some types of specimen arc sufficiently extensive and rigid to support 
themselves across the size of opening in the object holder which is 
usually employed in electron microscopy. The great majority, however, 
require mounting on some supporting membrane. As the penetrating 
power of the electron beam is strictly limited, this has to be as thin as is 
consistent with mechanical strength and durability under exposure to 
vacuum and to the beam. A variety of materials lend themselves to 
preparation in the form of films of the order of 100 A in thickness, pro¬ 
vided that they are not required to span holes of more than about 100 \x 
(01 mm). Cellulose derivatives, artificial plastics and resins, silica, 
and many metals may be used for the film. The support is usually a 
metal grid of 200 meshes to the inch; the free space is about 75 [x 
square, being rather wider than the dividing bars. In the early days 
nickel was much used but copper has many advantages; the electro- 
deposited type is much preferable to the woven, which is not suffici¬ 
ently rigid or flat. A convenient type of copper grid, with centre mark¬ 
ing and a pattern which facilitates 
location of a particular region, is now 
available (Figure 80). 

The film may be prepared in one 
of three main ways; by casting on the 
surface of water, by casting on a glass 
slide from which it is then stripped, 
or by evaporation in vacuo. The first 
two methods arc used with cellulose, 
plastic and similar soluble materials, 
the last with metals and silica. These 
methods will be described in turn, 
along with one or two special proce¬ 
dures such as the electrolytic prepara¬ 
tion of alumina films. 

11 'ater-spread films 

The simplest procedure is to deposit on the surface of water a droj) of a 
solution of the film materia! in a solvent which does not mix with water 
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e.g, collodion in amyl acetate. The drop spreads rapidly over a clean 
surface owing to surface tension and forms a tough uniform film as the 
solvent evaporates; this can then be transferred to a metal grid. By 
suitable choice of the area of the surface and the concentration of the 
solution a film of correct thickness may be prepared. To avoid frequent 
breakage in subsequent handling and in the electron beam, this is 
usually chosen to be about 150 to 200 A. 

The wateris conveniently contained inaglass dish of about loin diam 
and 3 to 4 in deep. Distilled water should be used, to which a few drops 
of formalin may be added to discourage bacterial growth. The same 
surface may then be used on several successive occasions over a period 
of weeks, provided that it is protected with a glass or metal cover when 
not in use. Even if visible particles of dust or previous films are not 
present it is good practice to sweep the surface first with a sheet of 
paper and then to clean it further by depositing a drop of collodion 
solution, allowing a film to form and then sweeping it around the sur¬ 
face before discarding it. The film for use is then made by approaching 
a drop slowly to the surface, when it will be observed that the heavy 
amyl acetate vapour emanating from it already sweeps out over the 
surface and cleans away residual fine dust even before the drop itself 
falls on the water. The drop should then spread rapidly practically to 
the edge of the dish; failure to do so is an indication that the surface is 
not sufficiently clean. The drop may be applied with a capillary pipette 
or, with care, direct from the bottle of stock solution. It is as well to 
calculate the strength of solution c so that a single drop will form a 
film of the required thickness t on the available surface area A ; attempts 
to use several drops of a weaker solution lead to uneven thickness of the 
film, owing to poor spreading of succeeding drops. If the density of the 
formed film is taken as o • 8 the required strength is given by 



V c 

100" X 0 ^ 



where v is the volume of drop used and c is the weight of film-forming 
material in grams in 100 cc of solvent. The solution should be stored 
away from the light in order to prevent the formation of particles of 
decomposition products. 

The film may then be transferred to grids in a variety of ways. The 
simplest is to drop the grids on to the film in situ^ to insert a metal ring 
(of diameter slightly greater than the grid) at the end of a bent wire 
(Figure 79) through a cut made in the film with a needle, and to bring 
it up beneath the grid. The film around it may be cut through with a 
needle, while it is lifted slightly above the general level of the surface, 
and the ring plus grid in a droplet of water raised into the air. The grid 
is detached either by passing the reversed ring over a metal finger 
(Figure 79) which is then lifted clear with tweezers or by pressing the 
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ring firmly on to a piece of filter paper, so that the film-covered surface 
is uppermost in each case. The second method is better when a large 
number of grids is to be prepared, but the ring must be held in contact 
with the paper until all the contained water has drained away; working 
it slightly with a rotary motion will help to detach the film adhering 
to it so that the film is not pulled off the grid. 

Alternatively a number of grids may be placed on a glass slide and 
immersed completely in the water, before the film is formed on the 
surface. The water is then cither run off or the slide is raised with the 
aid of angular tweezers until it lifts the film from the surface, which 
may then be cut around and the slide lifted clear. The individual grids 
may then be scored around with a needle and lifted off with the ad¬ 
hering film. Grids will float off the slide on immersion owing to air being 
trapped in them, unless they are first worked about on it in a small pool 
of water with a needle. Alternatively fairly coarse gauge wire gauze may 
be used to support the grids, when this trouble will not arise and the 
grids may be immersed directly in the water. For some applications it is 
desirable to have a larger area of specimen from which to select a por¬ 
tion for final examination, for instance from a tissue culture or bac¬ 
terial growth. Here a piece of gauze of the 200 per inch gauge employed 
for grids and a few inches square may be immersed below the surface 
beforehand, and a continuous sheet of film lifted out. The specimen is 
then deposited on it, or in the examples cited actually allowed togrow 
over the collodion, and disks of the standard grid size are punched out 
after selection of interesting regions under an optical microscope 
(Hillier and Baker 

The type of material to be employed for the film is to some extent a 
matter of personal preference. In the author's laboratory nothing has 
been found to better the Collodion Flexile-Meth of the British Pharma¬ 
copoeia (Collodion BP) for strength in subsequent handling and free¬ 
dom from foreign matter. It is a solution of about 10 per cent strength 
in ether alcohol, which for use in the above method should be diluted 
down to about i to 2 per cent with amyl acetate, according to the size 
of water surface available. With a dish of B in diameter a 2 per cent solu¬ 


tion should give films of adequate thickness. Some experimentation is 
desirable in this respect to find conditions which give the thinnest film 
tolerable in given conditions of specimen preparation and electron 
microscopy. \Vork at very high magnification, with correspondingly 
high beam intensity at the specimen, will demand a thicker film than 
usual, as will also the examination of relatively large objects such as 
sperms or protozoa. The collodion commercially supplied is by no 
means uniform in its ])ropertics. There is room for a detailed investiga¬ 
tion of the variation in suitability as films for electnm microscopy, 
according to the degree of nitration of the cellulose employed and to 
the nature of the stabilizers incorporated in it. It is always worth while 
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to prepare trial films from any batch of nitrocellulose which may be 
available in any of its many guises; collodion, celloidin, gun cotton etc. 

It is also useful to observe the effect of saturating with amyl acetate 
the water used for film spreading, especially if poor films are being 
obtained. Some types of nitrocellulose require such saturation before 
films can be formed at all. On the other hand it seems to make no 
difference to the spreading of collodion BP. 

Films obtained by spreading are usually remarkably free of holes, 
one or two being detectable per square of the grid. For some purposes, 
such as the support of thin fibres, it may be desirable to produce an 
openwork film, which largely consists of holes (Jaffe This may be 
done by spraying a normally spread film with the discharge from a 
tesla coil sparking point, such as is used for vacuum testing. It may also 
be achieved in the stripping method next described. 

Stripped films 

Films of plastic materials and polymers such as Formvar (polyvinyl for¬ 
mal) may also be prepared by water spreading, but they are not taken 
up by many solvents and it is difficult to find one that will spread well. 
Formvar in ethylene dichloride is satisfactory, as is the I.C.I. product 
Alkathene in hot xylene The latter is useful where a film very resis¬ 
tant to organic solvents is needed, but it has a rather rough surface and 
should not be used where fine detail is sought in a specimen. 

It is better, however, to make such films by spreading on a smooth 
surface such as is presented by glass. An ordinary glass slide is super¬ 
ficial! v cleaned withadrypolishingclothjor with soap and water, but not 
with acid or other reagent which may etch the surface. It may be rinsed 
and dried quickly by dipping in alcohol and flaming. If it is then found 
that films are hard to remove, it should be dipped in amyl acetate and 
dried off naturally before applying the Formvar solution. It is as well to 
use slides freshly selected from a closed box, since the surface becomes 
roughened in time with exposure to the atmosphere of the laboratory. 

A large drop of -J to \ per cent Formvar in ethylene dichloride is then 
placed on the surface and whisked or rubbed with a rod across it; di- 
oxane may be used as solvent, but must be free of water {cf ref^ p 27). 
Alternatively, the entire slide may be dipped into a dish of Formvar 
solution, withdrawn and stood in a vertical position to drain. When 
dry, the edge of the slide at one end should be scraped with a knife or 
scalpel to remove the film; dipped slides should also have the film re¬ 
moved from the reverse side of the slide by scraping or with solvent. The 
slide is then held in one hand, coated side uppermost, and slowly low¬ 
ered into the surface of a dish of clean water at an angleof30°orso to the 
horizontal. The film should come cleanly away from the slide as it 
enters the water and may be assisted with a large needle held in the 
other hand. As the slide is immersed completely in the water the film 
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will float off intact; it may be assisted with tweezers if it should stick 
locally but care must be exercised not to strain it by exerting too strong 
a pull. 

The film floating on water may then by transferred to metal grids 
by any of the methods given for collodion films. Alternatively, the dried 
film may be scored into squares of 3 mm side while still on the slide or 
it may be cut with a pair of scissors when floating on the water. The 
latter operation is readily carried out with a steady hand if the scissors 
are clean and sharp and held so that the plane of action is vertical. 
Individual grids may then be dropped on to each square of film and 
removed as already described. 

If the films do not adhere well to the grids, the latter may be ren¬ 
dered ‘tacky’ by prior coating with a i per cent solution of low viscosity 
polyuobutylene in xylene. The grids arc dropped into this solution, 
removed and excess taken up with filter paper before drying. They are 
then ready for applying the Formvar film. 

As with collodion films, it is as well to store the prepared Formvar 
solution away from the light. Even so, decomposition takes place in the 
course of time, resulting in difficulty in detaching the film from glass. 
Hence fresh solutions should be made up periodically. 

It may be found that the finished films are full of holes, a state usually 
directly indicated by a visible bloom. This arises from the presence of 
water in the solvent or on the glass slide during preparation, arising 
cither from high humidity or from the operator breathing on it. The 
remedy is obvious, as also is the condition necessary for preparing open 
networks if they should in fact be required. Alternatively steam 
may be projected on to the surface of the slide whilst the Formvar is 
drying. Such networks arc valuable for supporting very thin biological 
specimens, pro\'idcd that they are much longer than thick. The scat¬ 
tering effect of the supporting film is thus avoided and finei detail is 


made visible in the object. 

Other materials may be spread as films by this method, including 
the water-soluble methyl cellulose. Collodion itself may be used and 
usually gives stronger films than when spread on water. However, the 
latter method is on the whole simpler and quicker. The stripping method 
will be used when stronger films arc needed, or when Formvar is pre¬ 
ferred as a support, since it is not so readily spread on water. As w'ith 
nitrocellulose, a great variety of grades of Formvar is available; that 
most used is styled / Again it is worthw'hile to try out the suita¬ 

bility of any sample which may come to hand. 


Evaporated films 

Metal or silica films arc more suitable than collodion or Formvar in 
instances where higli beam intensity cannot be avoided or when the 
examination of very thin specimens calls for an even thinner supporting 
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film, having a minimum of self-structure. Films of silica, alumina and 
beryllium are very resistant to the high temperatures which may be 
reached in the beam. These and some other substances also have such 
high mechanical strength that they may be prepared in films much 
thinner than is practicable with organic materials, which in addition 
have molecules of such a size as to give a visible structure when the 
film is examined at high magnification, especially after shadowing. 

The minimum thickness of Formvar or collodion films which still 
gives a reasonable probability of non-breakage in use is loo to 150 A. 
They show structural details of 50 to 100 A in size, which thus become 
obtrusive at magnifications of 15,000 X or more (^Figure 108). Since 
many plant viruses, colloids, proteins and other macromolecular sub¬ 
stances are of this size they cannot be reliably investigated on such sup¬ 
porting films. Alternative materials must not only give thinner films 
but also be of low atomic number so that the total scattering power of 
unit area of the film is reduced; they must also be relatively structure¬ 
less. Silicon monoxide, aluminium, aluminium oxide (alumina) and 
beryllium have been most employed, the films usually being prepared 
by evaporation. They decrease in scattering power in the order listed, 
so that beryllium is the most suitable; it can also be prepared in thin¬ 
nest form, coherent films being obtainable of a mean thickness below 
25 A (Hast^®'). Unfortunately it is rather difficult to evaporate and 
some risk attaches to its use (reP p 21). Aluminium is much easier to 
evaporate, as is also a newly described alloy of aluminium and beryl¬ 
lium Silicon monoxide is more often used where a temperature 
resistant film of negligible self-structure is required Alumina is equally 
resistant, but may have some structure. 

These substances, with the exception of alumina (p 227), are prepared 
as films by evaporation in high vacuum. It is usually impossible to 
detach them if they are deposited on a glass surface. The simplest method 
is to coat the glass with a thin layer of collodion or methyl cellulose 
beforehand, on to which the substance is evaporated. On immersion in 
acetone (rather than amyl acetate) or water respectively the film will 
float clear. It is an advantage to score it into squares first, so that 
individual grids may then be dropped on to them and removed. When 
freshly prepared the films will normally float on the surface if suffici¬ 
ently thin, but will sink if left to stand for any length of time. They 
should therefore be mounted on grids at once, which are preferably 
transferred directly to the microscope specimen holder. The suspension 
of material for inspection is best added before the film dries in order 
to minimize the risk of breakage of the film. It is therefore desirable to 
wash it free from acetone before adding the specimen. This may be 
done by transferring the films through a series of acetone water baths 
to distilled water cither in small cups before mounting or on the grid 
afterwards. If methyl cellulose is used this procedure is unnecessary. 
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Evaporation is carried out from a boat of tungsten, tantalum or 
molybdenum in a vacuum apparatus similar to that used for shadow 
casting (p 241). The boat may be made by bending a piece of metal 
ribbon into a T-section, or by making a slight depression at its centre 
with the aid of a metal punch. To avoid the use of excessively high 
currents the ribbon should be o • 05 to o • i mm thick, when about 20 to 
25 amp should suffice for beryllium and silicon monoxide and about 
half this value for aluminium. The prepared glass slide is mounted at a 
distance of about 10 cm above the boat and with its surface at right 
angles to the direction of deposition. Assuming that the evaporated 
material is hemispherically distributed, the weight of it w required to 
lay down a deposit x Angstrom units thick perpendicularly on to a 
surface at a distance of / cm may be calculated from the expression 

w = 2t, I- dx .... (37) 

where d is the density of the material. Thus o *6 mg of beryllium (den¬ 
sity I • 85) will give a film 50 A thick at a distance of i o cm. This will be 
in error possibly by 10 to 20 per cent because of reflections from the 
walls of the vessel and from non-uniformity of evaporation, but it will 
serve well enough for most purposes. If the thickness is more accurately 
required, it may be determined by the method of multiple interference 
fringes perfected by Tolansky The same precautions as in shadow 
casting must be observed as to establishing an adequately high vacuum, 
if risk of causing crystallization in the film is to be avoided. 

By this method very thin and structureless films of aluminium, 
beryllium, and silica may be made. It may be found even so that too 
much structure is evident for work at highest resolution owing to the 
deposited material conforming to the structure of the collodion sub¬ 
strate on to which it is evaporated. In that case the technique devised 
by Hast may be used, in which the receiving slide is covered by a 
thin film of a relatively non-volatile liquid such as glycerol or Octoil. 
It is sufficient to leave a layer about i mm thick on the surface so that 
it may still be inverted above the boat. It is then necessary to evaporate 
after only a short time of evacuation, according to Hast, before all 
the liquid itself has evaporated. It has been found better to rub the slide 
well beforehand with one of the commercial detergents used for win¬ 
dow cleaning; the very thin layer that remains after polishing is ade¬ 
quate to prevent sticking of the film, which will normally float off at 
once on immersion in water. Beryllium films as thin as 20 A may be 
obtained intact by this means, though great care is necessary in hand¬ 
ling them and in mounting the specimen. Films of 50 A may be made 
more readily and with less risk of breakage. 

An alternative method, which gives better contrast in the micro¬ 
graph, is to mount the specimen initially on a collodion film covering 
a glass slide and then to evaporate beryllium perpendicularly on to its 
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surface. The underlying collodion is then removed by immersion in 
acetone, and the beryllium film containing the specimen picked up 
from the surface. The beryllium apparently forms a layer of uniform 
thickness all over the surface so that the beam encounters more of it on 
inclined parts than on those that are flat; contrast is thus accentuated 
particularly at the edges of objects. The film therefore has the character 
of a replica as well as a support, giving contrast similar to that in silica 
and aluminium oxide replicas (Figure 82). It is very useful in the 
examination of thin biological objects of low inherent contrast (Coss- 

LETT ^®-). 


EXAMINATION OF PARTICLES 

PARTICLE SUSPENSIONS 

Very many inorganic materials possess particles below the size range 
of optical microscopy. In addition to liquid colloids, fine powders 
and films formed by evaporation or chemical action, they include the 
aerosols, such as smokes, carbon black, clays, dusts in mines and other 
situations etc. For examination in the electron microscope they need 
only to be brought on to a specimen grid, and in some instances need 
no supporting film. The chief problem is usually to obtain an adequate 
dispersion, against a natural tendency to agglomerate. 

Some materials, such as oxide smokes and carbon black, adhere 
well to the bars of a grid and may be collected simply by holding it 
above the flame or other source (Figure 83). In general, however, a 
supporting film must first be prepared. Occasionally it may be advan¬ 
tageous to add the material to the drop of collodion solution initially, 
so that it is distributed within the film then formed. This is especially 
useful when a powder charges badly in the beam, or shows a tendency 
to become quickly covered with contamination. Normally it will be 
sprinkled on a film prepared on the grid in the usual way. Many pow¬ 
ders may be dusted on directly, or colloidal suspensions added as a 
drop from a micropipette. In the latter the particles are likely to be 
fairly uniform in size, but dry powders will often need to be freed from 
grosser particles by previously levigating or centrifuging. This is also 
necessary when selecting particular diatoms from kieselguhr orawater 
suspension — for magnification tests, for instance {cj p 13 7 and Figure 64). 

Prevention of aggregation calls for action appropriate to each indi¬ 
vidual case, it being found that the addition of a particular reagent 
or dispersion in some media is much more favourable than others. For 
instance, poppy seed oil is the best dispersal medium for carbon blacks, 
and linseed stand-oil for many paint pigments and mineral powders. 
Excellent surveys of the various special methods will be found in The 
Practice of Electron lilicroscopy ° and in a paper by Schuster and Ful- 
LAM The precautions to be observed in obtaining a properly repre- 
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scntalivc sample ofairbornc particles arc also set out in the former, and 
must be followed il reliable estimations of particle size distributions are 
to be made. A type of tliermal precipitator, specially adapted to the 
collection ol samples on electron microscope i^rids, lias been described 
by Walton 'I'he experimental procedure for obtaining the size 
distribution of carbon black particles, with a discussion of errors, is 
given in detail by Waison Drummond has designed a carrying 
ease for grids which is very useful in field work, where samples have 
to be collected outside the electron microscope laboratory. 

The amount of work already published in this field indicates the value 
of the electron microscope in examining such diverse materials as 
abrasive powders, clays, dusts, tillers, pigments, smokesr/r. As in most 
other fields, however, it needs to be used along with the methods of' 
optical microscopy if the full benefit is to be obtained from the results, 
and cspcciallv if thev are to be rcliablv checked. Anv methods of 
dispersal or collection employed must be critically examined to ensure 
that it gives a properly representative sample of the material in its 


original form. 

o 


THIN FILMS 


The examination of thin films of materials is more straightforward, the 
interest often being precisely in the degree of aggregation at various 
stages in the formation of the film. At a thickness greater than o- i to 
0-3 jjL, according to the composition and compactness of the film, no 
clear electron image is obtainable even at 100 kv and using a limiting 
aperture, so that usefully thin films generally require some support 
during examination, 'fhey may be deposited on collodion or Formvar 
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by evaporation, electrolysis or chemical action. In a few special cases 
they may be self-supporting, such as electro-deposited aluminium oxide 
and some other metal oxides which can be stripped intact from the 
parent metal (cj p 227). Evaporated films which are thick enough to 
strip from a glass substrate are in general too thick for electron micro¬ 
scopy. They may still be examined, however, by the replica methods 
of chapter 9. 

By transmission methods it is possible to investigate the formation of 
films such as those of inorganic salts used for blooming lenses, and pro¬ 
tective metal coatings. The difference between a good mirror of tin, 
evaporated rapidly, and a poor mirror, from slow evaporation, is shown 
in Figures 81 fl and b. In quite a different field much light has been 
thrown on the nature of the photographic process by observation of the 
detailed form of the particles in thin emulsions at various stages of 
exposure and development The possibilities of following hetero¬ 
geneous chemical reactions by these means have been little explored. 

MiRCRO-ORGANiSMS and 
MACROMOLECULES 

A great variety of biological organisms exist, or may be prepared, in 
the form of suspensions of individual particles which are readily acces¬ 
sible to electron microscopy. It is convenient to include in this category 
macromolecules such as the proteins, haemoglobin, haemocyanin and 
similar substances of high molecular weight, as well as bacteria, viruses 
and other organisms which fall within the size range of the instrument. 
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As with inorganic suspensions, these may be deposited directly on the 
specimen grid for examination. In addition, special techniques may 
be used to observe them in conditions which are closer to their natural 
mode of existence. Shadow casting may be needed to reveal greater 





Figure 84. .Avian tubercle bacilli, 
unshadowed (x 8,000) 
(Cavendish Laboratory) 




Figure 85. Rickettsia of pneumonia 

(x 19,000) 

(Cavendish Labotatory) 


surface detail, but in general these bodies (including most bacteria) 
are small enough in the dried state to be examined in transmission, so 
that internal structure is revealed as well as gross size and shape 
(Figures 84 and 85). To the general problem of isolating and preven¬ 
ting agglomeration of the particles, which is usually not so difficult as 
in many inorganic materials, there is added the much more serious 
question of the degree of distortion or even destruction of natural form 
which may be caused by drying or by the fixation process which is 
often necessary. This matter of artefacts will be examined later (p 208); 
here it is enough to say that it must always be borne in mind in inter¬ 
preting electron micrographs of biological subjects. Again the best 
check is provided by optical microscopy, and it is encouraging that the 
phase contrast method now shows that the effect of drying is not so 
grave as was believed in the early days of electron microscopy. 


Preparation of suspensions 

The main task in preparing a suspension of biological organisms for 
electron microscopy is one for the biologist: to isolate them from their 
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natural habitat and to free them as far as possible from extraneous 
material. The requirements are more exacting than for optical micro¬ 
scopy on account of the higher resolution sought, the larger depth of 
focus and the comparative lack of methods for selectively staining con¬ 
stituents. The amount of foreign material must be reduced to a mini¬ 
mum, whether it is in the form of inorganic salts, tissue fragments or other 
debris, which might mask the specimen or confuse the identification of 
its parts. The smaller the size of the organism and the fewer its numbers 
the more exacting the purification required; the identification of a 
virus is very problematical until it can be prepared in practically pure 
suspension. It is largely a matter of repeated centrifugation and re¬ 
suspension, combined with removal of foreign matter with kieselguhr 
or by filtration. For macromolecules chemical methods may frequently 
be used, as well as crystallization. 

Bacteria may be grown in fluid media or as plate cultures in the 
usual way. In one method of preparation which generally has been 
found useful they are washed off with distilled water or 5 per cent forma¬ 
lin, spun for 5 min at 3,500 r.p.m., re-suspended in distilled water, spun 
once again and taken up finally in a small volume of distilled water. A 
drop is then transferred to the prepared grid with a platinum loop or 
micropipette. This method has been found to give clean well-dispersed 
specimens of many species. Fixation in the vapour of osmic acid may 
be preferred {cf p 209) where the structure of the organism is the main 
object of interest. Methods of depositing bacteria directly on prepared 
grids by a microcentrifugation technique have been described by 
Crane and Kellenberger 

\Vith viruses the biologist has a separate problem to solve in each 
case in isolating and purifying the organism. By this time there 
is a sufficient volume of experience to act as guide in most cases 
(Levaditi, Lepine and Verge Wyckoff With the larger viruses 
and rickettsiae optical observation is possible and should indicate when 
the preparation is sufficiently pure and concentrated for electron micro¬ 
scopy. With the smaller viruses some method of titration or biological 
assay may be available to show the presence of the virus, thus avoid¬ 
ing fruitless search in the electron microscope. For viruses below 
1,000 A in size a concentration of about 0 5 mg per cc will give a 
field well covered with particles, without overcrowding. Tendency 
to agglomerate may be avoided by chemical means or by exposure to 
sonic vibration Ease of spreading on the collodion film is aided by 
the addition of a drop of detergent such as saponin to the suspension, but 
its possible effect on the organism needs checking. The clarity of the 
mounted preparation may often be improved by washing, if extrane¬ 
ous matter or inorganic salts are still present in suspension. This is 
achieved by adding a moderately large drop of the virus suspension to 
the prepared grid and withdrawing as much as possible after a few 
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seconds with a micropipette. After another 30 seconds or so the grid is 
taken with tweezers and passed several times through distilled water; 
alternatively a drop of this may be deposited on the grid and with¬ 
drawn. The virus particles are apparently so rapidly adsorbed on to 
the collodion that they are not removed by this process, whereas 
most foreign matter is washed away. 

As viruses in particular are lacking in contrast, shadow casting will 
normally be necessary, especially when their size is to be measured. In 
bacteria also it allows finer details, such as the membrane, to be recog¬ 
nized ((^ Figure 85). 

Results 

A great number of investigations have been made by these methods, 
bacteria being especially easy to isolate and examine in the electron 
microscope In addition to studies of their natural morphology, 

the changes accompanying treatment with bactericidal agents or 
physical means have been followed (Figures 86 and 87). Some obser¬ 
vations have been made on their development but this is hindered b\ 
the impossibility of following a given sample through successive stages, 
since desiccation and exposure to the beam kills it. 'The taking of a 
series of samples is belter made by the stripping method (below 1 than 
IVom suspensions. Some work has been done on spores, which ai c \ er\ 
impervious to the beam, and some on methods of rendering b.u leria 
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more transparent, such as growth on special media (Knaysi and 
Baker or autolysis with ether (Cossleit, Crowe and Robinow^); 
new difficulties of interpretation are thereby introduced, however. 

The investigation of viruses has probably exceeded that of bacteria 
in importance since they are difficult to detect by other means The 
electron microscope for the first time allows a detailed morphological 
examination, leading to a more rigorous system of classification. This 
is true of the larger rickettsiae, which are revealed as much more closely 
allied to the bacteria (Figure 85), as well as of the animal viruses such 
as the vaccinia group, the smaller animal viruses such as those of 
influenza and measles, and the still smaller plant viruses. The bacterial 
viruses, or bacteriophages, belong also in this category (Figure 88) and 
electron microscopy is now elucidating their mode of reproduction and 
interesting genetic transformations A tentative attempt to classify 
these varied types of organism, according to size and biological charac¬ 
teristics, is given in ref® p 342. 

The investigation of macromolecules other than plant viruses by 
electron microscopy has not yet progressed very far. Owing to their 
similarity to each other, from the electron scattering point of view, and 
to the present lack of specific staining methods, they can normally only 
be identified if present in crystalline form. Occasionally the crystal form 
may be deduced from transmission micrographs (Cosslett and Mark¬ 
ham’*'-), but normally the lattice is only visible in replicas, prepared as 
described in the next chapter. By this means spacings well below 100 A 
are now detectable. When a pure suspension of individual particles is 
obtainable their size and shape may be determined. Some of the hae- 
mocyanins, haemoglobins and enzymes have been measured in this 
way (^*®h p 188). In the natural state however, the molecules will 
not be arranged in crystals and several sorts of them will be mixed 
together. A great deal of investigation will be required before their 
specific location in the cell can be established by electron microscopy. 
More easily accessible is the study of their size and shape and re¬ 
actions in vitro^ about which significant evidence is now accumulating 
(Wyckoff 1 ®^). 

At the other end of the practicable size scale, large organisms such as 
spermatozoa and protozoa have received some attention. For the most 
part their heads are too thick to show much structure, even with a 
100 kv beam, although some success has attended the use of phenol and 
other agents for selective attack. Chief interest attaches to the investiga¬ 
tion of the flagella, which are partly transparent to the beam and which 
have been shown to have a fibrillar structure in many cases (Bret- 
scHNEiDER Chen and Cosslett -*’■*), Such large organisms are liable 
to break supporting films of usual thickness either on mounting or in 
the beam. Thicker films of Formvar or of electrolytically formed alu¬ 
mina have been found satisfactory. Contrast is then poor, owing to 
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Figure 88. Bacteriophage of 5 . CoH\ 
shadowed with gold-palladium (x 23,000) 
(Merling, Middlesex Hospital, London) 



1 /^ 


Figure 89. Protozoon 
(Euglena Viridis) with 
twin flagella.treated with 
osmic acid (x 7,000) 
(Cavendish Laboratory) 


scattering of the beam in the film, unless the preparation is moderately 
heavily shadowed with metal (Figure 89). 


Special methods with bacteria 

The mounting and examination of bacteria in the manner described 
above gives information on their individual morphology but not of 
the mutual orientation which they occupied in their place of growth. 
It is desirable to investigate this also, in order to throw light on their 
mode of development. Several methods have been employed for moun¬ 
ting whole groups of organisms on grids without disturbing their 
natural arrangement. Smiles-"^ used a modification of the impression 
method employed in optical work, by pressing a prepared grid or a 
collodion covered slide on to a growing colony on an agar plate. It is also 
possible to strip ofl'a representative sample, by pouring a weak solution 
of collodion in amyl acetate or acetone over the surface of a culture, 
provided that it is growing on a semisolid and fairly dry medium 
(Brieger, Crowe and Cosslett -‘’®; Hillier and Baker *'**). When the 
solvent has evaporated the collodion film is readily removed by running 
distilled water into the dish containing the culture. The film may need 
lifting at the edges but usually comes free at once and rises to the surface, 
bringing most of the organisms with it. Areas may then be transferred 
to grids for examination in the usual way, after fixation in formalin or 
osmium tetroxide if desired. However, this method exposes the organ¬ 
isms to the fat-solvent action of the organic solvent used for collodion. 
An improvement is to coat the surface of the medium initially with a 
collodion film, which is then inoculated in the usual way (Hillier, 
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Figure 90. Avian tubercle bacilli, 
fresh growth. Shadowed with goJd- 
palladium (x g,ooo) 
(Cavendish Laboratory) 



Figure 91. Avian tubercle bacilli, 
after 48hr growth. Shadowed with 
gold-palladium (x 9,000) 
(Cavendish Laboratory) 


Mudd and Smith The nutrient material diffuses through the film 
to the organisms. After the desired period of growth the film is stripped 
off as above. 

Alternatively, prepared collodion-covered grids may be placed 
directly on the medium and inoculated individually (Brieger and 
CossLETTThis method has the advantage that sample grids are 
readily removed after successive times of development. It provides a 
safe and simple means of investigating the development of pathogenic 
organisms, where handling must be reduced to a minimum. Growth 
appears to take place equally well whether the collodion-covered side 
or the free metal side of the grid is placed in contact with the medium. 
It needs to be established in each instance by comparative tests, how¬ 
ever, that the presence of the metal does not affect bacterial develop¬ 
ment. To be above suspicion in this respect the grids should be of some 
noble metal such as platinum. Micrographs of avian tubercle bacilli 
obtained by this method are shown in Figures 90 and 91, after o hr 
and 48 hr growth respectively. 


Special methods with viruses 

It is often possible to separate the required virus particles from infected 
tissue by standard procedures and to purify them by ultracentrifuga¬ 
tion for electron microscopy. In this way a large number of plant and 
animal viruses has been examined, including those of influenza, 
psittacosis and mouse cancer The process is always laborious, 
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however, and it is rarely possible to be certain ofthc identity ol'particles 
seen in the final micrograph unless biological tests of the same suspen¬ 
sion show it to be virulent. A metliod of using a natural j^roperty ol‘ 
manv viruses has now been devised bv Dawson and Elford for 
readily obtaining them in pure suspension; it consists of their adsorp¬ 
tion on the red cells of the blood. I'his occurs naiuralK in the course 
of infection with many viruses, and it was found that it still took place 
if an impure extract containing virus was mixed with the lysed en¬ 
velopes (‘ghosts' ; of red cells. The latter, heavily loaded with \ irus par¬ 
ticles, may then be readily separated by mild centrirugaiion from the 
tissue debris and other foreign matter present, which will be nuiiuly ol 
the same order of size as the virus particles. 'The cells witli \ irus may 
then be photographed directly, if too many particles are not pre^em 
I Figure ()2’i, or alternati\el\ the \ irus bodies ma\ lie sep.irated Ironi 
them bv ( hemit al means or sonic vibrations and obtained as a puia- 
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suspension for examination by the usual means. It is probable that this 
technique, which has proved practicable for influenza, mumps and 
several other viruses, is the forerunner of a new type of extraction process. 

Another advance, with the same intent as those described for obtain¬ 
ing natural arrangements of bacteria, is the observation of the virus 
within infected tissue. This may be done by growing organs in tissue 
culture on collodion film in such a way that the growth is only one cell 
thick. Representative samples may then be removed for mounting on 
grids and observation in the electron microscope. Apart from its use 
with tissue cultures themselves (Porter, Claude and Fullam^^®), the 
method has been used by Lepine and co-workers for following the 
course of infection with vaccinia and other viruses. Lepine has also 
developed a method of lysing relatively thick tissue in order to obtain 
the virus particles for examination Alternatively tissues may be 

fixed and sectioned, as described below. 

EXAMINATION OF TISSUES AND FIBRES 

Nearly all natural tissues and fibres are too massive for direct examina¬ 
tion in the electron microscope. They must be suitably prepared 
either by embedding and sectioning or by chemical or physical frag¬ 
mentation. Alternatively replicas may be prepared of exposed surfaces, 
as mentioned in the next section, p 235. 

Fibres may be reduced by teasing out, by ‘blending’ or by treat¬ 
ment with chemical or digestive reagents such as trypsin. A detailed 
account of the various technical methods is given by Drummond The 
best method depends on the nature of the fibre, but since all are rather 
drastic as many different ways of preparation as possible should be 
employed in order to obtain a reliable picture of the natural structure. 
Sometimes, as with nerve and muscle fibres, it is possible to excise 
fibrils small enough for direct examination. They can be placed 
directly on the metal grid but it is preferable to use a collodion sup¬ 
porting film, especially in order that metal shadowing may be carried 
out. Collagen from the tail of a rat, for instance, gives clear detail in the 
cross-banding after simple dissection and washing in water (Figure 93). 
The detailed methods to be followed will be found under the appro¬ 
priate references, particularly in Hall, Jakus and Schmitt 2^®, Reed 
and Rudall and Wolpers They make it possible for the first 
time to study the way in which fibrous tissues are built up of macro- 
molecular units. Similar processes may be followed fn such as the 
reversible conversion of globular fibrinogen into fibrous fibrin and 
of G-actin into F-actin -^2. By taking specimens at various stages of 
development, a picture of the details of morphogenesis is obtained. The 
progress made in the study of cellulose, connective tissue (collagen), 
nerve and muscle fibres is well summarized by Wyckoff^®*. The banded 
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slriKturcs (Figure 94) arc brought out even more strongly in the electron 
micrograph by the use ofa licavy metal stain, as described on p 21 1. 

It is occasionally possible also to dissect layers of tissue from a more 
massixe organism, such as the cuticle layer ofa larva. A micrograph of 
tubercles on the tomato moth larva obtained in transmission bv this 
means is shown in Figure 9”^ (\Vay, Tavior and C'ossi.ei i In such 
instances the surface is liable to be so rugged that shadow casting is ol 
little \ alue. W’ith care, successive layers may be removed and evidence 
obtained o( the cuticle structure. 'The best results, howex er, areobtained 
by the shadowing and stripping technic|ue ()!'Rf.ko .ind RrnAi.i. 
described on p 



Kigurc ()\. Collagen fibres, 
shadowtd with gold-pallatliuni 
( X 9,000) (Ri-.ei> and Rcd.m.i.. 
Lecd-s Unieeisiiy) 



Figure 1)4. .Muscle of ioad. sliaflowed \\ itli 
platinum. slH)wing band d struetur(“: 
(x 10,(KX)) I Moooi. and 1 )raim.r. 
.\Ielbourn<‘) 


The remaining methods availal>lc for examining tissues arc by tissue 
culture and by sectioning. 'Fhc former has received a certain amount 
of attention but suffers from the relatix ely great thickness of tlie 

material for obserx ation with electron beams of the voltages at present 
available. It is likely to be more employed in electron microscopy 
when x ery high voltage microscopes are readx. 


CUTTING THIN SECT IONS 

'Fhc microtomes of various types that have been dcx elojH-d f<n se{ tinn¬ 
ing materials for optical microscopy haxe a lower limit oi' thic kness ol 
at best I [.i. Xo better was required of them, and methods of embedding 
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and mounting the object were developed to suit such conditions. For 
electron microscopy, as discussed in more detail on p 259, the maxi¬ 
mum tolerable thickness is of the order of 0 -1 to o • 2 for consolidated 
material or of 0 5 to i [a for biological structures measured in the 



Figure 95. Endocuticle of tomato 
moth larva, showing tubercles 
and ducts (x 15,000) (Cavendish 
Laboratory) 


Figure 96. Microsection of bac¬ 
teria {B. Megatherium) (x 13,000) 
(Baker and Pease, Stanford 
University) 


wet state. Near this limit, however, the scattering of the beam is very 
severe and the obtainable resolution is correspondingly poor, on ac¬ 
count of the effect of chromatic aberration and spreading of the beam. 
It is desirable to be able to cut sections as thin as 0 2 [a if resolutions 
of the order of a few hundred A are sought, and even thinner if the most 
is to be made of the resolving power of the microscope. The first attempts 
to do so were made with specially devised methods or at very high 
speeds of cutting, in the belief that the normal procedures of microtomy 
were incapable of this degree of refinement. It now appears that, with 
sufficient attention to detail, the demands of electron microscopy may 
be met by the straightforward adaptation of standard microtomes. 

Attention was first given to the problem by Von Ardenne who 
tried to cut tapered sections with an adapted microtome. Although his 
results were not very successful, his paper contains what is still one of 
the best accounts of the physical problems involved. He discussed the 
angle of the knife edge, its setting with respect to the specimen surface, 
the strength of the resulting section and its adhesion to the blade. A 
method of hollowing the centre of a section of a micron or so in thick¬ 
ness, cut by normal means, was devised by Sjostrand but it de¬ 
mands great manipulative skill. When the matter was taken up in 
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America, efforts were at first directed to making instruments with 
blades rotating at very high speed, in the belief that sectioning would 
be more efficient, with less disruption of the specimen, ifearried out at a 
great knife velocity. The necessary speed was obtained cither with an 
electrical drive or with an air-driven centrifuge top, which carried 
the knife in its rim Commercial models of such machines were made 


by two or three firms, and interesting results were shown by some wor¬ 
kers. However, the primary difficulty lies in collecting the cut sections 
and sorting out those of interest. They are best caught on a piece of 
gauze placed tangentially to the rim; but not only arc a large number 
of sections collected in even a short burst of cutting, when the knife 
speed is of the order of i,ioo ft/sec, but considerable debris is also 
obtained from fragmentation of the specimen. It would appear that 
the cost and complexity of the apparatus is hardly worth while, except 


possibly for a largely homogeneous material such as rubber, when any 
randomly selected section will give the required information. 

The alternative approach of adapting a microtome of normal con¬ 
struction w^as initiated independently by Bretschneider and by 
Pease and Baker The latter took a Spencer rotary instrument and 


simply altered the angle of the metal wedge 


in its mechanism w'hich 


determines the rate of advance of 


the specimen. By special attention 
to the angle of the knife and to 
the embedding process, they have 
now produced sections below'o- i a 
in thickness (Figure 96). Small 
blocks of material, about i mm 
cube, arc employed and a double 
embedding procedure using paral- 
fin wax and cclloidin is (avoured. 
An improved modificaiion of the 
Spencer microtome has recenth 
been described by Hii.i.ier and 
Ge I I NER 

Bretst Imeider experimented with 
an eai 1 \ tyjie of Cannbridge rocker 
microtome, w hich he found was so 



made as to give sections o • 6 y. thick 

at its lowest rate of advance. He Fit,nirc ()“. Mil r(»sc<-ti<)n ol .1'"///'; 

adapted it to cut o- and o-q y inu-stina! i-piilulial oil: ; -'.toci 

! . I ' I I * • 1 (Bkftsciinkidkr.I trri hil inv< iMiy) 

seclions altcrncil(M\\ and oblaiiicd 

sullicientK transparent sections of a variety of tissues 1 Figure 97); the 
technical details are fully set out in his ]>aper. The modern Cambi idgc 
rocker microtome has now been modified furlhei, <md a model is now- 


available to cut 0-2 y sections consecutivelyA second microtome 
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on the rocker principle has been constructed elsewhere and is designed 
to cut sections thinner than o• i ii^-. In the United States, Newman, 
Borysko and Swerdlow ^ have dispensed with an advancing mechan¬ 
ism altogether and adopted the simple procedure of cooling the specimen 



I \ 

Figure 98. Microsection of Scarlet Tiger moth larva, showing 
polyhedral inclusion bodies (x 10,000) (Wyckoff, Bethesda) 


mount with carbon dioxide. It is then allowed to warm up slowly, and 
sections are cut at appropriate intervals, relying entirely upon thermal 
expansion to advance the specimen. Claude on the other hand, 
has devised a direct drive to advance the specimen in a microtome of 
new design. 

The technique of cutting very thin sections is still in its infancy and 
much attention needs to be paid to developing suitable methods of 
embedding, sectioning and collecting biological materials for examina¬ 
tion in the electron microscope. Owing to the very low mechanical 
strength possessed by sections of the required thinness, problems arise 
which are not encountered in normal microtomy. The embedding 
method must be designed to give great rigidity to the block before the 
knife and cohesion in the cut section for subsequent handling. The sec¬ 
tion tends to stick to the blade and hence to rumple, so that serial sec¬ 
tioning presents dilBculty. Claude has suggested the use of a water 
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cell attached to the knife so that the surface meniscus reaches to the 
cutting edge and drags off'thc sections as they arc cut. Treatment of the 
knife with detergents might also help, although some workers find no 
dilliculty in lifting away individual sections with a fine brush in the 
usual way. Newman, Borysko and Swerdlow transfer them to a 50 per 
cent mixture of dioxanc with water maintained at 45° C, on which they 
at once flatten out. 


A great deal depends also on the mounting and finish of the knife. As 
only very small blocks arc needed, in view of the small size of the speci¬ 
men grid, the knife can be quite short and only a few mm of exposed 
edge is employed. This facilitates rigid mounting so that it docs not bend 
or vibrate during cutting. Safety razor blades arc not very convenient 
to use, being less easily sharpened to the necessary fineness of blade. 
It is found that an edge sharp enough to cut a section of o- i u, that 
is, having a curvature of the same order, is not diflicult to obtain on a 
normal knife by refinement of the usual stropping methods The 
cutting angle is quite critical, however, as is also the temperature of 
the knife. Conditions appear to be optimum when the knife makes an 
angle of a few degrees with the block surface, and when the temperature 
is about io®C. 


However, these conditions will naturally depend also on the embed¬ 
ding materials employed. These must not only give adequate rigidity 
to the block but must also cause minimum damage to the biological 
material and be readily removable from the tissues before examination in 
the electron microscope. Developments of single and double embedding 
techniques have been tried, and also some new methods. In order to 
allow ready removal the use of volatile materials such as camphor or 
mixtures of it with naphthalene and related substances was advoca¬ 
ted On the other hand, Newman, Borysko and vSwerdlow have used 
a polymerization method, which combines ready impregnation of tis¬ 
sue with great subsequent rigidity, 'i'hey soak the tissue in butyl metha¬ 
crylate monomer, allow it to polymerize at 45° C’ over some hours, and 
thus obtain a block with excellent cutting proj^erties. The pol\ iner is 
finally rcmo\ ed with ain\ I acetate or acetone. When other embedding 
media, such as parallin wax, ester wax or collodion, arc emjiloyed a 
suitable solvent must also be used for final extraction. However, <is the 
sections arc usually very fragile, it is convenient to immerse them in 
a weak solution of collodion before final transfer to a gt icl. so that 
ihev are contained in a supporting film. I’here is ob\ iously room lor 
much careful work to determine the best procedures for ex.uniuitig 
different l\ pcs of tissue, and to elucidate the artefacts whi< h nia\ .irise 
in the process Indeed, a new branch of histology h<is to Ix' built up. 
On the whole it can be said that the sectioning ol tissues for elec iron 
microscopy, and of many non-biological materials also, is mu< h more 
readily practised than appeared possible a few years ago, gisen the 
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accelerating voltages of present commercial microscopes. The technical 
problems involved will be less exacting when very high voltage micro¬ 
scopes are available, 

FIXATION, STAINING AND DRYING; ARTEFACTS 

As in optical microscopy, the visibility of biological specimens in the 
electron microscope may be improved by suitable methods of fixation 
and staining. In addition, since they must be desiccated before exami¬ 
nation, the conditions of drying will radically affect their appearance. 
All three treatments are liable to cause artefacts in the final image, 
destroying some features and introducing false details into others. They 
therefore need critical investigation from this point of view, and especi¬ 
ally the drying process. Unfortunately systematic work has so far been 
almost entirely lacking, only a few observations on fixation and stain¬ 
ing methods being available, and some work on the effect of freeze¬ 
drying. Even the ready check which is available by optical methods at 
the upper end of the size range has not always been applied, and very 
little consideration has been given to the artefacts which are even more 
likely to be caused at the macromolecular level. It is only possible here 
to indicate some of the possibilities open to electron microscopy, and to 
emphasize the caution which must be employed in exploiting them (see 
also McFarlane As there is bound to be a natural predisposition 
to regard the optical picture as a true representation of what a specimen 
‘really looks like’, it is very necessary to inquire carefully into the causes 
which often make an electron micrograph look quite different. Many 
of the early observations on biological specimens were uncontrolled 
and of very little value, which has led to a healthy scepticism in some 
quarters as to the value of the electron microscope. It may be said at 
once, however, that much of the confusion has arisen from comparison 
with stained optical preparations, which are themselves a distortion 
of reality. The findings of phase-contrast microscopy of living matter 
provide a better standard of comparison, since the image contrast here 
depends, as for electrons, on the mass thickness of matter traversed by the 
beam and not on selective absorption. In the light ofthisevidence,electron 
micrographs prove to be more faithful than at first seemed likely. 

Fixation and drying 

The function of fixation is to preserve part or all of a specimen in as 
nearly as possible its natural state when it is killed, so that a true picture 
of it is obtained on subsequent observation. Staining is intended to 
accentuate the visibility of certain parts, which may selectively absorb 
special reagents. Fixation presents much the same problems in electron 
as in normal optical microscopy, since in the latter also many speci¬ 
mens cannot be observed in the living state. On the other hand, stain¬ 
ing methods have to be quite different for electrons than for light, 
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since the mechanism of imaujc foi mation dilfers in the two cases, as 
explained on p 96. Stains must now be composed ofvery dense elements, 
whicl\ will cause heavy scatterin;^ of electrons from the rei^ions where 
they arc absorbed, as first appreciated by Marion Fixative agents 



1 /^ 

I-'iiiure <)<). B.Coli. fix< cl with osini<- a< id aiul shadowed with 
^rold-pailadivini: cf Fig. »7 wf‘i<l‘ showN eoliapse of unhxed 
cells oti diN'ing < 'jo,()ot)i • tlaveiidisli l.al)oraU)i'yJ 


^vhicll contain hea\'v atoms will natui'ally act as stains at the SiUne time. 

'1 he high resolving j^ower of electron microscopes permits det<ulcd 
investigation, down to the macromolecular level, of the fixati\ es nor- 
mallv used in biology. In the i)ast their suilabililv has been judged 
on the basis of such' check as light microscopy could provide of the 
gross damage or smaller artefacts which attended their use, and the 
a\'ailable resolution limited this obscrwUion to the main .u t hitt't tui <il 
features of cells and tissues. lattle systematic work has as yet been clone 
with the electron microscope to discover what their eih'cl ma\ b(' 
on llic contents and the small scale structure of living material -'"'h 
Prcliminarv results show that the choice of fixative may need to be \vr> 
didcrent according to the end in view. For instance, obsc'iAations ou 
shadowed preparations ot fixed bacteria show that osmic at id .md to a 
lesser extent formalin preserve the main structure very well, the degree 
of shrinkage in the direction perpendicular to the sui)i)orting film being 
less than f^o per cent of the wet thickness {cj Figures !U), 90, 91 i. On 
the other hand unfixed specimens collapse almost completeU on to the 
film on drying, but seem to show much finer detail oi macromolec ular 
dimensions as compared with the aggregation which occurs in fixed 
preparations /Figure 99). At the same time some li .igmentation of 
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structures may occur in the unfixed case. There is a large field open 
here for repetition of much of the classical work in light microscopy on 
the effects of fixation, and its extension to drying, in the light of modern 
views of cell structure and with the aid of the many tools of modern 
microscopy. Comparative studies of a number of typical specimens 
treated with different fixatives and dried in various ways, using optical, 
phase contrast and electron microscopy, would provide a solid basis on 
which to build a much more reliable interpretation in detail of electron 
micrographs of biological subjects than is at present possible. 

The effect of drying on living matter is bound to be equally profound. 
Indeed, in regard to the macromolecular organization on which the liv¬ 
ing process essentially depends, it is doubtful if any reliable conclusions 
can be drawn at all from electron micrographs of dried material so long 
as detailed studies of drying effects are lacking. In a sense it is true to 
say that all appearances, beyond the relatively large scale structure, are 
artefacts in such cases and the problem is much like that of the archaeo¬ 
logist — to reconstruct the living aspect from the dead and distorted 
remains. Fortunately, comparative methods of destruction are open to 
us, and some reliance may be placed on the reality of those features 
which appear in much the same form no matter how the specimen is 
dried and after various methods of fixation. 

Freeze drying 

Some work has been done under controlled conditions of drying, 
especially of ‘freeze drying’, in which the material is taken suddenly 
to a low temperature and maintained there while exposed to vacuum 
conditions (Gersh ^). The water content is then very slowly with¬ 
drawn, and it is assumed that less damage occurs to structures than if 
this took place at ordinary temperatures; at least diffusion must be 
stopped by freezing, so that the living distribution of matter should be 
retained in the specimen as finally examined. A temperature of-6o°C 
is favoured for the slow drying, but lower temperatures are sometimes 
used and will certainly be reached initially if specimens are frozen by 
placing them on a metal block which has been plunged into liquid air, 
as is general practice. 

Wyckoff discusses the precautions which must be taken in freeze 
drying specimens. Careful investigation is clearly needed to discover 
what disrupting effects may follow from the different coefficients of 
contraction of the various constituents during the process. It may be 
that freeze drying, while being of value for localizing substances at the 
macromolecular level, introduces larger scale artefacts which make it 
unreliable in the investigation of cell architecture in the size range 
around the limit of optical microscopy. It may also leave the specimen 
in such a fragile condition as to be readily destroyed in the electron 
beam (McFarlane Here again are a set of questions which can 
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only be answered by careful systematic and comparative work. The 
published results in connection with the electron microscope have been 
contradictory to such a degree that freeze drying has so far been little 
adopted in Britain. It seems probable that its field of application will 
be limited to particular types of specimen. It is all the more desirable 
that it should receive critical investigation along with fixation problems 
generally. 

Staining 

The staining reagents used in optical microscopy are largely useless in 
electron microscopy on account of the very different method by which 
contrast arises in the image. The selective absorption of light by differ¬ 
ent regions is replaced by differential scattering of electrons from the 
incident beam. A part of the specimen containing more matter per unit 
area i.e. of greater mass-thickness (density X thickness), will deflect 
electrons through a wider angle and abstract more energy from them 
in the process than will another region with low mass thickness. Hence 
a staining reagent should be a substance of high density, and therefore 
of high atomic number, if it is to be of value in improving the relative 
contrast in electron microscopy. A large number of compounds of the 
heavy elements are available; the problem is to find those wliich may 
be selectively absorbed in materials which are to be examined in the 
electron microscope. 

Some of the substances used in optical practice come into this cate¬ 
gory, such as osmium tetroxide (‘osmic acid’), phosphotungstic and 
phosphomolybdic acids, and their properties are well known at that 
level of resolution and in terms of visible effects. The first necessity is to 
investigate their effects as ‘electron-stains’ and particularly the small 
scale artefacts which may result from their use. The major problem, 
therefore, is again a repetition of a stage in optical microscopy: to 
investigate systematically the use of the various possible compounds of 
high density in typical specimens, and to discover those having the 
required properties of selective absorption which would make them of 
value in the new microscopy. Again this is practically a virgin field, and 

we may expect a steady building up ofexpcrience such as occurred in the 

history of light microscopy. Undoubtedly the process can be apprec i¬ 
ably shortened by a study of that history, and by the employment of a 
proper critical spirit when trying new reagents. 

Of the reagents so far used the most fruitful results have been ob¬ 
tained with phosphotungstic acid. Osmic acid seems to be too general 
in its absorption, but is very useful on that account for increasing the 
general contrast of biological subjects, many of which arc naturally oi 
very low contrast. Hence osmic acid is much used for the fixation ol 
biological specimens for electron microscopy. The chief use of phospho¬ 
tungstic acid arises from its specific absorption on the bands which arc 
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found in ner\ e and muscle fibres. The mechanism of this absorption is 
not understood, but is ascribed to an affinity for hydrophilic molecules. 
In the hands of Schmitt’s school the complexities of the banded 

structures have received detailed analysis by this technique (Figure 94). 
The real existence of the bands receives confirmation from the shadow¬ 
ing of untreated fibres, as well as from x-ray reflections. The process 
of treatment is simple; the dissected fibres are soaked for i min in a 
solution of o -1 per cent phosphotungstic acid and a buffer of potassium 
acid phthalate and NaOH (/)H 5-1 to 5 5), then washed and dried 
on the specimen grid. Now that sufficiently thin sections can be cut for 
electron microscopy the way is open for experimentation on the use of 
this and similar heavy metal stains more generally. 

One warning needs to be given in connection with the comparison 
of electron micrographs with stained optical preparations, arising from 
the difference in origin of image contrast. Long familiarity with the 
appearance of the latter is apt to instil the unconscious conviction that 
they give a true indication of the variation in density of matter in the 
specimen, when in fact they do no more than depict the distribution 
of the material which absorbs the staining reagent. The actual density 
distribution as revealed by the electron microscope may be quite 
different. For instance, the dark granules observable in electron micro¬ 
graphs of many bacteria have been often described as cell ‘nuclei’. The 
appearance of similarly dense and well defined regions in light micro¬ 
graphs of bacteria treated with nuclear stains led to the assumption 
that these must also be physically dense bodies. It was observed by 
Robinow and Cosslett however, that in several species the heavily 
staining areas corresponded to light patches in the electron micrograph, 
that is, the nuclei arc relatively transparent to electrons and thus have 
a low concentration of matter, in the dry state at least. This conclusion 
has been confirmed and extended by Hillier, Smith and Mudd 
Although insufficient species have been examined to say how far this 
low density of nuclei is a general phenomenon, the case may serve as an 
examplcof the caution necessary in interpretingstained preparations and 
an indication of the type of information which the electron micrograph 
can provide (see also ref"'®). Optical staining methods are pow'erful 
in distinguishing chemically between cell constituents in a way which 
is impossible in electron microscopy until a new type of staining is 
elaborated. On the other hand, the electron microscope gives direct 
evidence of the physical distribution of matter in the cell; indeed the 
sensitivity of discrimination in unshadowed preparations is surprisingly 
high, considering the similarity in atomic number of the constituents of 
most biological material (r/Figure 84). 
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SPECIMEN TECHNIQUES II: 
SURFACE REPLICAS AND METAL SHADOWING 


REPLICATION AND REFLECTION 

TECHNIQUES 


SURVEY OF METHODS 

The study of surface structure by reflected light forms an important 
branch of optical microscopy and indeed constitutes its main service 
to metallurgy and petrology in which transmission methods are rarely 
applicable. There is also some place in biology and physical chemistry for 
reflection techniques. As the depth of penetration in metals and most 
inorganic materials is much the same for both light and electron beams 
the type of specimen for which surface reflection is useful will be almost 
identical in the two cases. The method of observation, however, has 
to be very different. In light microscopy it is sufficient to supply inci¬ 
dent or oblique illumination to the specimen, enough being reflected 
for a lens system of normal type to be used for \ icwing it. When an 
electron beam is projected on to a surface, however, it is largely scat¬ 
tered diffusely in such a way that very little is thrown back in the incident 
direction, or even ‘reflected’ at angles of the order of 90°. It is therefore 
very difficult to make observations with norma! or oblique illumination 
in an electron microscope of the type so far considered. However, some¬ 
thing approaching optical reflection is found to occur when the beam 
is incident at a grazing angle of a few degrees. I'he electrons thus 
‘reflected’ from a near-smooth surface may be admitted to the objec¬ 
tive of an ordinary electron microscope and images obtained which 
depict the surface relief very clearly. In this way von Rorrii-.s '* ob¬ 
tained resolutions some ten times beyond that of the light microscope 
from a number of polished, etched and worked metal surfaces. 'I'lie 
prospects and limitations of the method are discussed furllicr on p 280. 
.Mtliough no other instrument of the same type has as yet been pro¬ 
duced it appears to have promising application in a number ol metal¬ 
lurgical problems. 

Some success has also attended an attempt to accelerate away b\ 
high voltage the secondary electrons emitted from a surface under 
bombardment with a beam of moderate voltage, the image being 
formed by an electrostatic microscope of special design iI.k Pooi.e 
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and Le Rutte^'®). Such an instrument, however, although valuable in 
certain investigations, is unlikely to be of wide application in metal¬ 
lurgy and even less so in biology. The construction and possibilities of 
emission microscopes are further discussed on p 283; none is as yet avail¬ 
able as a commercial model. 

The same is true of the scanning microscope of which a number have 
been constructed for experimental purposes (see p 281). An image of a 
surface is here produced by directing a pin point of electrons (‘elec¬ 
tron probe’) across it in a scanning pattern, the reflected beam being 
collected in a counting or scintillation device. After amplification the 
signal from each point is fed to a teleprinter or other recorder and a 
picture of the surface is produced with contrast depending on the local 
reflectivity for electrons. The resolutions so far obtained are better than 
those of the light microscope, but at present the method suffers from 
the slow rate of recording which is imposed by the poor efficiency of 
surface reflection. 

Direct imaging of a surface by reflection of electrons is thus impossi¬ 
ble except in microscopes of special construction. Electron microscopy 
has to be content with the indirect alternative of replica methods, in 
which an impression is taken from a surface on to a thin film which may 
then be examined by transmission in the usual way. The simplest 
procedure is to cast a film of collodion or Formvar on the surface, by 
applying a solution of suitable strength; with care it can be removed 
and mounted on a grid for examination. The technique of preparing 
the surface and choosing the correct strength of solution has now been 
so far improved that adequate contrast and resolution is obtainable 
even without shadow casting the replica, which is a time consuming 
process. This ‘single-stage’, or negative, replica method is well suited 
to routine investigations. Alternatively the initial impression may be 
made in a more massive block of a plastic material or soft metal, and a 
thin film rephca prepared subsequently from it by the casting method 
just mentioned or by evaporation of a metal or of silica in vacuo. This 
‘two-stage’ or positive replica method has advantages in certain 
circumstances, in spite of the greater time and trouble involved. A par¬ 
ticular version of it, in which a monomer is alRwed to polymerize on 
the specimen surface, promises to be of value m examining undried 
biological specimens as well as in giving a resolution rather better than 

that of most other replica techniques. 

The chief replica methods of both types will be described below and, 
in the first place, mainly in terms of their metallurgical applications, 
since they are practically the only means available for electron micro¬ 
copy in that field Special uses of replicas for biological materials 
will be discussed in a subsequent section. First of all, however, a few 
general considerations must be mentioned concerning the contrast and 
resolution of replica methods, so that their limitations and difficulties of 


214 



Contrast in replicas 


interpretation are understood. Contrast is determined by the way in 
which thickness variations in the replica are related to the original 
surface relief, and differs primarily as between positive and negative 
replicas; these terms, in fact, indicate whether the density in the final 
image is directly or reciprocally related to the height of projections 
above the surface. The obtainable resolution is always much less than 
that of which the electron microscope itself is capable, being limited 
partly by lack of sharpness in contrast variations and partly by the self¬ 
structure of the replica material. 


CONTRAST IN REPLICAS 


Single-stage replicas 

The relation of image contrast to the original surface relief may be 
understood with reference to Figure lOO, which shows the variation in 
replica thickness given by the different methods. A single-stage replica 
will give a film which should conform closely to the shape of the surface 
on its under side, and on the top side may either have a similar form. 
Figure loob, or be perfectly plane. Figure looa. These two extreme for¬ 
mations probably occur only rarely, the upper surface in practice al¬ 
ways being influenced by the substrate but never so exactly as to give 
a film of absolutely uniform thickness. However it is found that replicas 
formed by pouring a solution over a surface, either in a single- or two- 
stage method, correspond fairly closely to Figure looa, with a plane 
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Figure loo. Formation of 
replica films, and contrast 
schemes: a poured films, b 
silica or aluminium oxide 
films 



Positive replica 

—' 1 —^ 



Figure loi. Two-stage 
replicas: formation of film 
and contrast scheme 


Upper side. Deviations from a true plane introduce a type of artefact 
into the image which will be illustrated. On the other hand, single- 
stage films of metal oxides and second-stage films of evaporated silica 
arc approximately uniform in thickness, as in Figure looh. 
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In a single-stage replica of the plastic or collodion film type, there¬ 
fore, contrast is produced by the varying thickness which the film 
presents to the electron beam. As it is thin where the original surface 
was elevated, and thick where the latter was depressed, the photo¬ 
graphic plate will be most affected in the image of elevated parts. 
Hence in the final print these will appear light and deeper parts will be 
dark, reversing the natural surface relief, whereas the density of the 
negative (as shown in Figure lOOfl) will be the converse, A clearer 
impression of the specimen surface will thus be obtained by inspecting 
the negative, or by printing as a negative, hence the term ‘negative 
replica’ often applied to the single-stage method. However, it is not 
difficult with experience to interpret the normal positive print in terms 
of real thicknesses, so that in practice it is not necessary to resort to 
photographic reversal. It remains important, of course, to be clear 
whether a particular print is of a positive or negative before giving an 
interpretation. The extreme simplicity and speed of the single-stage 
plastic replica method greatly outweighs any extra thought that may 
have to be given to its evaluation. 

The metal oxide replica method gives a different contrast scheme. 
The oxide film is formed cither electrolytically or by chemical action 
on the surface of the specimen itself or on an aluminium pressing taken 
from the surface, as described later. In the latter case two stages are 
involved. By careful control of the conditions of oxidation a film suffi¬ 
ciently thin for transmission microscopy is obtained, which proves to be 
of very nearly uniform thickness (^Figure loo^). Contrast then arises 
from the different thicknesses presented to the electron beam according 
to the local slope of the surface with respect to the plane of the speci¬ 
men generally. Maximum transmission occurs where the film is nor¬ 
mal to the beam, minimum where it may run in the direction of the 
beam; intermediately the transmission will be reciprocally propor¬ 
tional to the sine of the angle between film and beam locally. Where 
irregularities occur the contrast may be greatly increased by several 
thicknesses of film being presented to the beam. The positive print will 
thus show variations in density corresponding to variations in slope of 
the original surface, high density signifying steep slope, but without 
indicating the direction of slope. The only indication of a ridge, having 
cciual pitch to cither side, will be given by the slightly lighter line along 
it arising from lack of faithfulness to the angle; similarly with a trough. 
High and low flat areas of the specimen will not be distinguishable at 
all since they will be covered with equal thicknesses of film and hence 

give identical densities in the image. Re-entrant features, such as occur 

in etch pits, will give high contrast due to two or three overlapping 
thicknesses of film, with the density increasing rapidly at the arigles. 
The opposing slopes of the tw'o sides of a pit will then be clearly distin¬ 
guishable, since only one gives an overhang. 
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It is clear, therefore, that the metal oxide method calls for particu¬ 
lar care in interpretation. However the effects are so clear with heavily 
etched surfaces (Figure 109) that little difficulty is experienced in 
interpreting the main features. More doubt may arise with lightly 
etched or unetched specimens, as discussed by Brown The distinc¬ 
tion between prominences and depressions may be solved by shadow 
casting, although choice of shadowing metal is more critical than in 
usual practice. Gold is found to aggregate badly on alumina films, but 
a gold-palladium alloy has been employed with good results. 


Two-stage Replicas 

Two-stage replica films arc again divisible according to whether their 
top surface is plane or follows the substrate, so that contiast aiises in 
two ways as described above, but with reversed signs. When the second 
stage is a poured plastic film, as in the silver-collodion or alkathcne- 
collodion methods, the final replica may be taken as plane on one 
side and contrast arises as shown in Figure looa. The same probably 
is true of the all-metal replicas formed by evaporation on to a pri¬ 
mary plastic cast (AVilliams and Wyckoff Wolf Brown and 
Jones The metal atoms have sufficient mobility on the receiving 
surface to give an effectively plane surface by the time the deposited 
film is thick enough for handling; but this is probably not so with the 
very thin films of beryllium used for pseudo-replica purposes (r/p 191). 
In the usual case, therefore, the second replica has thickness variations 
corresponding exactly with the original surface, being in effect a cast 
taken from the mould formed by the first replica. Hence it is thick and 
will pass few electrons where the specimen was elevated, and thin with 
high transmission where the latter was hollow. Contrast in the positive 
image is thus faithful to the original (Figure loO, dark and light corre¬ 
sponding to high and low, as if a section had been made through the 
surface. The interpretation is directly therefore made from the print 
— hence the term ‘positive replica’. The contrast and resolution being 
much the same in the two instances, the single-stage method is usually 
preferable and time-saving, since nearly all two-stage methods involve 
a vacuum evaporation. The latter have the advantage, however, when 
the first replica is best made in a thick block, as with most biological 
materials (p 235) and in the study of fractured metals. In addition, 
when the final stage is evaporation of a metal film, this may be done 
at an angle so that the advantage of shadow casting in improving 

contrast is obtained. 

The other type of contrast, depending on variation in sui face slope, 
arises when the second replica is an oxide or silica film, flic interpre¬ 
tation then follows exactly the lines indicated for single-stage (ixidc 
films, the fact that a second replica is now the object making no diller- 
cncc\o the result since dilfercnt levels are indistinguishable in such 
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films. The complexity of interpretation, added to the extra trouble of 
two stages, causes these two methods to be used only in special circum¬ 
stances. The silica replicas are also difficult to collect and mount so that 
they are now very little employed. However the metal oxide replica has 



found useful application in the impression method, in which aluminium 
is forced against the surface of a harder metal such as steel. The sub¬ 
sequently formed film of aluminium oxide excellently replicates the 
original suiface, apart from some recognizable artefacts (Nutting and 
CossLETT-^*). With fractured or deeply etched surfaces the interpreta- 
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Figure 104. Section through pearlite surface and 
replica film.showing contrastschcmc (^Figure 102) 


tion is again usually straightforward, but in other cases the origin of 
contrast needs to be kept very much in mind. For instance, the impres¬ 
sion method gives a picture of pearlite (Figure 102) very different in 
appearance from that of a plastic replica, which is quickly recogniz- 
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able from optical evidence (Figure 103). However the former translates 
into the latter at once by recalling that changes of contrast indicate 
changes in slope in the former. The light and dark regions in the 
plastic replica correspond to high and low strips of the etched pearlite 
surface. As the oxide film is equally thick and equally inclined to the 
beam over both the plateaux and the troughs, these are indistinguish¬ 
able and form the uniform background of the micrograph. The dark 
lines now indicate the edges of the pearlite lamellae, as in Figure 104, 
being alternately light and dark because these are inclined to the 
specimen surface and so give an overhang and an outward slope succes¬ 
sively. In this special case the ridges of cementite may be differentiated 
from the deeper etching troughs of ferrjte by the ‘bridges’ which run 
between the former, as known from optical observations. In other cases 
shadow casting may again be employed to clear up any ambiguity as 
to the sign of the contours. 

To sum up the discussion of the interpretation of contrast in replicas 
it may be said that no difficulty need be experienced in the methods 
which are most generally useful. But metal oxide and silica replica 
micrographs require great care in evaluation when the specimen sur¬ 
face is not of readily recognized form. 

RESOLUTION IN REPLICAS 

The resolution obtainable from a replica is always much worse than 
the resolving power of which the electron microscope is capable, be¬ 
cause of the self-structure in the replica material. This shows itself in a 
lack of exact conformity to the surface details of the specimen, mainly 
owing to the appreciable size in the molecules or molecular aggregates 
of the material, and in a visible graininess of the supporting film at very 
high magnification, when these units are resolved by the instrument. 
In organic materials such as collodion, Formvar or polystyrene these 
molecular bodies arc of the order of 100 A in size, so that they fail to 
mould themselves properly to surface details which are of this or rather 
larger size. On the other hand, metal oxides and silica films, in which 
the molecules proper are extremely small, acquire a crystalline struc¬ 
ture of their own or a surface roughening when they arc apparently 
amorphous (c/Brown Bucknell and Geach^*’ which is again 

of the order of hundreds ol A in size. 

It is therefore found that most replica methods have a resolution no 
better than 250 to 400 A. Frequent claims to much better results are 
mainly based on the visibility of smaller individual features in the mi¬ 
crographs. As with limiting resolution in the general case any such 
more minute image details will not have the true form of the original 
object (^p 107) and hence cannot be said to be resolved, apart from the 
doubt that they may arise from the replica structure itself. The only 
possibility of obtaining higher resolution in replicas is by the use of very 
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thin films of evaporated metal, such as gold or beryllium, since the 
self-structure is usually smaller in dimensions than the film thickness. 
Unfortunately it is mostly impossible to detach such very thin films 
from the surfaces of metals or other materials. The greatest success has 


5 //. 

Figure 105. Formvar replica of pearlitic steel, 
showing tears and strain lines (x 1,000) (Trotter, 

Nat. Phys. Lab.) 

attended their use in the pseudo-replica method in biological work, 
where the metal is deposited on the specimen on a glass slide and is then 
supported by a backing film of plastic material which may be stripped 
off or removed by digestion of the specimen. The self-structure of the 
backing film does not obtrude itself on the much more heavily 
scattering replica of the specimen, composed of metal atoms or of 
exceedingly small crystallites of it. Alternatively, beryllium may be 
used in slightly greater thickness as both replica and supporting film, 
owing to its high strength and much smaller scattering power com¬ 
pared with gold or the other metals usually used for shadowing. 

By these means resolutions well below 50 A have been obtained from 
biological objects, especially from crystals of proteins and plant viruses 
(Figure 120). The chief hope of extending the resolution in replicas 
of metal and other inorganic surfaces lies in finding means of using a 
metal as a second replica on a primary replica material which has 
small self-structure, but is unsuitable for single-stage work. One such 
method, in which a monomer is polymerized in situ on the surface to be 
examined and subsequently shadowed with a heavy metal, will be 
described below (p 232); it gives a resolution below 100 A. 

NEGATIVE REPLICAS 

The production of satisfactory single-stage or negative replicas depends 
more on finding the proper technique for preparing the surface of the 
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specimen than on the replica process itself. The conventional methods 
employed in metallurgy and other applied branches of optical micro¬ 
scopy are too rough, in the literal sense that they leave the surface so 
rugged that replica films of the required thinness cannot readily be 
removed from them without tearing, except when the specimen is dis¬ 
solved away. Refined methods of polishing and etching therefore have 
to be developed to suit the special needs of electron microscopy and, 
as on the larger scale, each type of specimen demands its own prepara¬ 
tive technique. Adequate information has so far only been obtained 
for the more common metallurgical subjects such as the pearlitcs and 
sorbites. 

As the methods now to be described are primarily of value in metal¬ 
lurgy they will be discussed in that context, and particular details of 
surface preparation will be given so far as they are available. However, 
they are applicable to many other types of solid surface, such as cera¬ 
mics, minerals, glass and precious stones, if attention is paid to the 
individual problems of each specimen. A method devised for soft or 
porous materials such as wood will be given later, in conjunction with 
special methods for biological materials (p 239). 


The replica process 

A negative replica is in principle obtained simply by pouring a suitably 
dilute solution of a plastic material over the surface to be studied and 
removing it after it has set into a continuous film. In practice it is found 
that some materials strip more easily than others from a given type of 
surface, so that a great deal depends on the choice of substance and 
solvent and on the method chosen to remove the film, as well as on the 


way in which the surface is prepared. 

Owing to its tougher nature Formvar is usually favoured for single 
replicas although for special purposes other materials such as nitro, 
methyl or ethyl cellulose and various plastics and resins have been 
employed. For instance, methyl cellulose in water is best suited for 
replicating finished paint surfaces, since other solvents would attack 
them For most metals Formvar dissolved in dioxane proves adequate, 
although films arc removed from some alloys more easily if it is dis¬ 
solved in chloroform. As with preparing support films it is probably 
true that some samples of Formvar will prove more suitable than others, 
and an experimental trial is desirable. 

Assuming that the specimen surfiicc has been suitably polished and 
etched or otherwise prepared, the solution of the replica material may 


be applied cither in excess or in approximately the correct amount to 
give a thin enough film when evenly spread. In tiic former case the 
specimen is flooded, cither by dipping into the solvent or by a pipette, 
and the superfluous liquid removed by standing it on edge to drain. In 
the latter the necessary few drops are run on to the surlacc from a 
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micropipette and quickly spread over it with a glass rod or by inclining it. 
In either case a little experience will show the right amount of solution 
to use for the area under examination. For a few square centimetres of 
surface a few drops of a i per cent solution should be ample when al¬ 
lowed to drain or if excess is removed with filter paper. Ifthereisany 
doubt about the cleanliness of the surface a ‘trial run’ should be made; 
the film should be stripped off to remove any loose material, and rejec¬ 
ted. A second coating of Formvar is then poured on, to form the replica 
proper. 

The film will dry off in a minute or so and may then be removed. 
The simplest method is by dry-stripping directly on to a grid, with the 
use of collodion (‘scotch’) tape. The adhesion between tape and film is 
normally greater than that between film and surface, so that the film 
strips off as a whole. To prevent adhesive from fouling the central por¬ 
tion of the grid a piece of cigarette paper, i to 2 mm square, is first 
placed on a strip of tape and a grid then laid symmetrically upon it and 
firmly pressed down. The tape plus grid is then stuck over the Formvar 
film, the length being sufficient to leave a strip for handling at each 
end. It is found to aid removal if the film is strongly breathed upon 
before applying the tape so as to produce a visible bloom of condensa¬ 
tion on it, and if air bubbles are then worked out by finger pressure 
on the tape. On stripping off the tape the film should then be detached 
with it; some workers favour rolling it around a rod or pencil. Inspec¬ 
tion of the specimen will show whether the film has indeed been re¬ 
moved froHi the region covered by the grid, where the tape was not in 
contact with the Formvar. The grid is marked around with a needle and 
lifted from the tape with tweezers, together with the adhering replica. 
It is then ready for shadow casting, or may be examined directly in the 
electron microscope. 

Alternatively the replica may be stripped with tape without an 
attached grid and dissolved off by soaking in acetone or xylene. The 
film may then be transferred to grids in the usual way from the dish 
of liquid. In either instance it is desirable to exert a steady pull when 
removing the replica from the suiface in order to minimize tearing 
01 the production of strain lines. If it is required to exclude these 
completely a backing film can be applied to strengthen the replica 
during stripping, and subsequently dissolved away. A proved procedure 
is to pour a solution of gelatin in water or of nitrocellulose in amyl or 
wopropyi acetate, over the Formvar film in situ. The composite film is 
then stripped and transferred to a bath of water or propyl acetate, 
respectively, to remove the backing film, when the replica can be 
mounted for examination as usual. By this means thinner Formvar 
replicas may be prepared intact than by direct stripping, with some 
increase in resolution and contrast, and particularly free from strain 
lines (Trotter-®-). 
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Yet another method of removal is to immerse the specimen in water, 
and to tease off the replica film during the process, as in the stripping 
of supporting films from glass (p 188). This may be resorted to when dry¬ 
stripping fails, but it has the disadvantage of exposing the replica to a 
second wetting and drying process and of immersing the specimen in 
water, which is often undesirable when a number of experiments are 
to be carried out with it in succession. In metallurgical applications 
generally it is usually as well to choose methods which do not involve 
destruction or damage to the specimen. 

Preparation of specimen 

Most materials for replication are initially either too rough or too 
smooth for the purpose; at both extremes it is found difficult to remove 
films from the surface. When it is too rough the film needed for electron 
microscopy is torn into holes on the relatively large projections. When 
it is very smooth the film adheres very firmly to it and may not be 
removed at all; in any case the polishing which produces such a finish 
normally obscures the features of metallurgical interest. In general a 
surface should show good specular reflection, without being optically 
flat, if replicas are to be easily removed i.e. the surface irregularities 
should be less than i ti in elevation. Some success can be obtained with 
more rugged surfaces by the backing-film method, but they are best 
studied by a non-stripping process such as the aluminium pressing 
method. 

If the specimen surface has to be examined in its natural untreated 
state it is best to experiment with a variety of replica methods, keeping 
in mind such information as is available about means of replicating 
surfaces of the degree of roughness which inspection shows it to pos¬ 
sess. When the simple stripping methods fail, as they may do when 
there is an action of the solvent on the surface or when it is too smooth 
or too rugged, one of the processes may be tried in which an impression 
is made in a relatively massive block, which is usually not clifTiLult to 
detach subsequently. The polystyrene-silica or aluminium oxide pres¬ 
sing methods are useful but require the specimen to be of suitable 
dimensions for insertion in a mounting press. The methacrylate poly¬ 
merization process is more widely useful, as described among the two- 
stage methods (p 232). This is easy to employ and even if the specimen 
leaves fragments behind on breaking off the replica block the latter is so 
resistant to most solvents that some means can be found to dissolve 
them away. 

In general, however, it is permissible in metallurgical and many 
other applications to polish and etch the specimen, and indeed the 
required information cannot be obtained without thus laying bare the 
inner structure of the block. To obtain the surface finish required in 
electron microscopy the final polish must be very fine and the etch very 
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light by optical standards. For most purposes the normal mechanical 
polishing procedures are adequate, ending with a light polish with 
alumina or rouge on a polishing wheel. The etchant and the optimum 
etching time will vary greatly with the nature of the specimen. In 
general the etch should be such that thin replica films can be removed 
without tearing and yet show adequate contrast. Insufficient etch will 
allow the removal of films, but they will show little structure Le. there 
is a minimum amount of etching needed to develop the structure. On 
. the other hand too deep an etch will give such a rugged surface that 
thin films cannot be removed intact; although thicker films strip off 
they then show poor contrast owing to the replica indentations being 

small compared with the total film thickness. 

Owing to the use of standard etchants, and consequent need to 
resort to thick replica films, much of the early work with the stripping 
method gave poor contrast compared with the polystyrene-silica pro¬ 
cess. That Formvar replicas can give high contrast without shadowing 
was shown by Clews, McLean and Trotter using the backing- 
film method of stripping (Figure 105). The direct stripping process can 
give equally good contrast, with proper attention to the etch, as in¬ 
vestigated in detail by Nutting and Cosslett Their results for 
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Figure 106. Influence of etching upon ease of removal 
of formvar replicas by dry stripping from pearlitic 

steel 

Formvar replication of pearlitcs of graded lamellar separation are sum¬ 
marized in Figure 106. The lower line indicates the minimum etching 
time needed to develop the structure of the metal, according to the 
type of pearlite. The upper line is the corresponding maximum per- 
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missible etching time for which a replica can be detached at all from 
the rugged surface. The middle line indicates the upper limit ofctch for 
obtaining satisfactory replicas with good contrast and with absence of 
strain lines. It is seen that the useful range of etch (with i per cent nitric 
acid in ethyl alcohol) is very limited for peaiiites with fine spacings, 
being of the order of 3 to 6 sec only. For wider spacings the range is 
larger owing to a rapid increase in the upper limit, to 40 sec or more. 
A moderately long etching time allows thicker Formvar films to be used 
and thus detached with greater certainty while still showing good con¬ 
trast (c/Figure 103). Similar results were obtained with sorbitic steels 
containing spherical instead of lamellar particles. 

Fragmentary information is also to be found in the literature on the 
etching conditions best suited to the replication of other metals and 
alloys, especially in the Symposium 071 Metallurgical Applications^^-. There 
is a great need for more systematic work along these lines so that a 
body of technical knowledge may be built up corresponding to that on 
the use of etchants for optical microscopy. In general the etching time 
needs to be very much shorter than in the latter. There is, however, 
room for experimentation with very mild etchants, such as citric acid, 
with which longer times may be rccjuired, thus allowing more exact 
control of the process. A careful check must always be made by optical 
observation when trying any such new methods, and comparison should 
also be made with the effect of standard reagents. 

After etching it is, of course, important to rinse the surface free from 
etchant and to dry it before applying the replica solution. Flic replica 
should normallv be taken at once, before corrosion of the surface can 
occur or foreign material be deposited on it. It is advisable, however, 
to reject the replica first stripped, as it may contain etch products, and 
to prepare a second film for microscopy. .\n ad\ antage of the single- 
stage method is the ease with which the correct etching time can be 
found, since after taking a replica the surface may be etched further, 
and a scries of results thus fjuickly obtained from a given sjjecimen, 
from which that showing best contrast and resolution can be selected 
for fixing the standard conditions of replication. 


Artefacts 

Reference has already been made to the possible occurrence of strain 
lines and holes in stripped replicas, arising from the stresses to which 
they arc subjected during their removal and from local adhesion to the 
surface. These artefacts arc not usually difficult to rccogni/.e when ihe\ 
are large, but may give rise to misinterpretations when small in s( ale. 
Large tears are quite obvious, being entirely different in appeal .uik' from 
the round holes which often occur in spread plastic films. Small tcai', 
usuallv due to local adhesion, arc difficult t(j distinguish, howevei, 
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especially in a shadowed specimen. Tearing seems to be favoured where 
the film is not covered with shadowing metal i.e, in and away from 
shadows themselves. Such a case is shown in Figure 107 in which the 
tears might easily be mistaken for long shadows of thick parts of the 
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Figure 107. Stripped gold- 
collodion replica of tobacco mosaic 
virus, showing tears (x 12,000) 
(Cavendish Laboratory) 


Figure ro8. Clay particles 
(halloysite) on collodion, 
shadowed with platinum, 
showing self-structure of col¬ 
lodion film (x 16,000) 
(Nixon, Rothamsted Exp. 

Station) 


specimen; as its thickness was well known, being tobacco mosaic virus, 
the artefact was at once clear. A similar effect in less easily interpretable 
circumstances is shown in Figure 105, from a metallurgical specimen. 
It also shows strain lines and a further type of artefact, of opposite 
nature: the deposition of pieces of replica on other parts of the film. 
These arise from local tears and may be mistaken for very deep regions 
on the original surface, giving great thickness in the single-stage replica, 
or for loose particles from the surface of the specimen which have been 
picked up in the replica film. The latter point would be decided at once 
by shadowing or by taking a second replica from the same specimen. 

A more refined cause of misinterpretation lies in the self-structure of 
the film itself. However, since this is normally much finer than the 
resolution which may be obtained from the replica, confusion should 
not arise if a general warning is borne in mind: not to place signifi¬ 
cance on any features smaller than 250 A in plastic replica films as at 
present produced. At high magnification fine structure may be seen 
all over the replica, and it is important to get used to its appearance in 
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order not to be misled. If replicas are taken off the highly plane sur¬ 
faces provided by normal glass microscope slides the self-structure of 
any newly employed replica material can be at once determined; 
shadowing the replica will make it the more visible (Figure io8). In the 
same way the self-structure which shadowed films sometimes show, 
owing to granulation of the metal, must also be recognized for what it is 
and not interpreted as grain in the specimen (^'p 246). The rather 
different structure which is exhibited by aluminium oxide replica 
films is mentioned below, and also the artefacts peculiar to the alu¬ 
minium pressing method. 

Metal oxide replicas 

In the case of a few metals it is possible to form a thin and uniform 
layer of oxide on the surface, which may be detached and examined 
by transmission in the electron microscope (Mahl ^). The oxide 
film retains the shape of the original surface relief with great faithful¬ 
ness (Figure 109), even being removable from deep etch pits, and gives 
excellent contrast in the micrograph. Unfortunately only a few metals 
form continuous oxide films having negligible self-structure, alumi¬ 
nium, iron and nickel being the chief, so that the method is rather 
restricted in its scope. In addition the specimen has to be destroyed in 
the process of removing the formed film. However, wider applicability 
has been obtained by using aluminium as a moulding material for 
getting impressions from other metals under high pressure, the oxide 
film being then formed and detached as a type of two-stage replica 
(P 234). As the technique is somewhat complex the method, in either of 
its forms, is only likely to be used where other replica processes fail, 
such as in the study of physical and chemical changes of the metals 
concerned, or of fractured and similarly rugged surfaces. 

The chief technical points here are concerned with the control of 
the formation of the oxide film and its subsequent removal. In iron 
and some special steels the surface has been oxidized by heating in air 
or other atmospheres with aluminium, electrolytic oxidation is 
preferred. The block of the metal may conveniently be a few square 
centimetres in surface area and a few millimetres thick or, in the pres¬ 
sing method, of shape and size determined by the mounting press. It is 
first polished on one of its plane surfaces by electrolysis in a bath of 
perchloric acid and ethyl alcohol (i : 5), with the specimen as anode 
and a carbon cathode. Oxidation is then effected in a bath of acidified 
disodium hydrogen phosphate at a potential of 25 v, with the specimen 
again as anode and a platinum cathode. In a bath of composition 12 
per cent Na.2HP04 \ per cent H.>S04, a suitably thick film of a few 
hundred A is obtained in 2 to 3 minutes. 

The specimen is then rinsed in distilled water and the surface scribed 
into squares with a needle. It is immersed in saturated aqueous 
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mercuric chloride solution, which quickly dissolves aluminium from the 
oxide-metal interface by penetration through the scratches. The squares 
of oxide film float to the surface and are transferred to a bath of lo 
per cent hydrochloric acid, to remove residual mercurv and then to 



\n 

Figure 109. Oxide replica of deeply 
etched aluminium, after deforma¬ 
tion, showing slip lines and (bottom 
left) grain boundary (x 4.500) 
(Ca\endish Laboratory) 




Figure 11 o. Oxide replica of Armco 
iron (x 9,000) (Dept, of Metal¬ 
lurgy and Cavendish Laboratory, 

Cambridge) 


distilled water. They are collected on specimen grids and dried before 
inspection in the electron microscope. The mechanical strength and 
resistance to heating in the electron beam are so great that the films can 
safely be mounted on coarser mesh grids than those usually used, or even 
on disks pierced with a single central hole of i to 2 mm diam. In this 
^vay a much larger and unobstructed field of view is obtained, which 
is advantageous when relatively large metallographic features are to be 
examined at low magnification (50010 i,ooox) for direct comparison 
with optical micrographs. 

.\ typical result is shown in Figure 109 illustrating the power of the 
method in aiding investigations into fundamental problems of metal 
physics, which are especially readily studied with such a relatively 
plastic metal as aluminium. Methods for preparing oxide films of some 
other metals arc given by Mahl who first devised the oxide film 
method, and bv Mahla and Nielson who worked on stainless steels. 
By the use of alcoholic iodine it is possible to detach such films from 
iron (Figure 110). 
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The contrast given by the replicas is good; the peculiarities of their 
interpretation have been discussed above. The obtainable resolu¬ 
tion is no better than that of other replica methods in spite of the 
very small size of the oxide molecules. It is found that the films rarelv 

4 

show visible crystalline structure when prepared in the manner des¬ 
cribed — indeed> electron diflVaction shows them to be verv ncarlv 

4 t 

amorphous or at least composed of extremely small crystallites. Nor do 
they exhibit re-crystallization in the electron beam, as do many 
films of pure metals. The limit to the detail which they can reproduce 
proves to be set by a ‘ripple' structure which appears on the oxide 
surface, apparently in the course of its formation. This may be pebbly 
or furrowed in appearance according to the crystal face on which the 
film is formed and somewhat resembles the changes produced in 
some metals bv thermal etching. As no means have vet been found of' 
preventing its occurrence in the oxide replica process it is a self-struc¬ 
ture rather than an artefact. It might well be mistaken for a significant 
feature of the specimen, especially in the impression method, so that it is 
useful to be able to recognize it in its different forms (Figures i i i and 
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inai^iiifk alioii ( lo.ooo) 
(C.'aN'ciuUsh Laboratory) 
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112). I'hc irregularities are of the order of 300 to .joo in si/t' so diat 
the resolution obtainable in oxide replicas is limited to little btutei than 
this figure. Iixperimentsha\ c show n that the false si 1 ne t 11 res are pi ()!)al)ty 
not due to the method of oxidation 1 Brown -" . 
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TWO-STAGE OR POSITIVE REPLICAS 

There are a variety of circumstances in which it will be found prefer¬ 
able to go to the trouble of preparing two-stage replicas, in which a thin 
second film is cast on the surface of a primary mould made from the 
specimen in a more massive block of another material: 

a a single-stage replica may be impossible to detach from the speci¬ 
men in a sufficiently thin film without showing strain lines or holes 
b the final replica is required to be proof against shrinkage e.g. for 
magnification calibration 

c it may be impossible to remove a plastic film at all from the speci¬ 
men, as with many metals. 

There are also special problems in replicating soft materials and 
biological specimens, which normally require a two-stage method; 
these are dealt with on p 235, the methods used chiefly in metallurgy 
being described first. 

A great many two-stage methods have been described most of which 
arc listed in refs ® and Here we shall mention only those which 
have found general application. In the first place any of the single- 
stage replicas described above may be prepared as a thicker and more 
readily detached film, to which a solution of a second material may 
then be applied, provided that a suitable solvent is employed. For 
special purposes gelatin, polyvinyl alcohol or even de Khotinsky 
cement have been used for the primary layer; Formvar is usually 
preferred for the final replica. Alternatively the first replica may be 
mounted in vacuum and a second film formed by evaporation of sili¬ 
ca or of metal The latter method gives a resistant final replica, 
which has advantages when it is desired to have a standard specimen 
for comparative purposes e.g. a replica of a diffraction grating. The 
all-metal replica may also be prepared in negative, single-stage form 
if the specimen is first coated with a very thin layer of a water soluble 
substance, such as sodium chloride. This may be done by evaporation 
from a separate filament prior to deposition of the replica layer, which 
is usually chromium. Immersion in water then allows the latter film 
to be removed intact. 

Polystyrene-silica 

Replicas of good contrast are obtained by first making an impression 
of the specimen in a block of polystyrene on which silica is then deposi¬ 
ted (Heidenreich and Peck^®). The specimen is mounted in a disk of 
bakelite and placed in a mounting press, where polystyrene is forced 
on to it at a pressure of i to 2 ton / in - (i • 6 to 3 • 2 kg/mm-) and at a tem¬ 
perature of 130° C. After cooling, the polystyrene block is tapped off 
from the specimen and mounted in an evaporating chamber, where a 
thin layer of silica is evaporated on to it from a tungsten basket. The 
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procedure is similar to that described for preparing beryllium films 
(p 190), and a similar evaporating temperature is needed. The material 
is best used in the form of chips of quartz. Alternative means of deposi¬ 
ting the final film by evaporating compounds of silica, or by chemical 



Figure 113. Silica replica of pcarlitc ( x 15,000) (Heidenreich, 

Bell Telephone Laboratories) 


methods, have been explored by Baker and Nicholl’*^*. Silicon monox¬ 
ide has also come into use, and gives strong structureless films 

The silica is finally released from the polystyrene block by immer¬ 
sion in ethyl bromide or exposure to the refluxed vapour of the latter. 
The second method is preferable since it can be carried out with the 
replica already mounted on a grid, if a thin block of polystyrene is 
employed and cut into squares after the evaporation of silica. When 
the composite block is immersed in a dish of ethyl bromide the silica 
films sink to the bottom and are very difficult to observe; special means 
of illumination to make them more visible are described by Drum- 
MONO If silicon monoxide is employed the final films are more easily 
detected and mounted. 

The method gives good contrast (Figure 113) but no better resolu¬ 
tion than other replica methods, apparently owing to lack of confor¬ 
mity to minor surface details on the part of the silica. The film formed 
is approximately of uniform thickness so that contrast variation depends 
on differences in slope in the specimen surface and not directly on 
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varying elevation. The care that must therefore be exercised in inter¬ 
preting the replicas has already been discussed (p 218). As it has no 
superiority over other methods and has the disadvantage of complexity, 
the polystyrene-silica method has not been widely used. In addition 
its range of application is restricted to specimens which are not affected 
by the high temperature and pressure which must be employed. To 
overcome this difficulty a modified method has been devised by Barnes, 
Burton and Scott-®- primarily for use on biological material. They 
apply the polystyrene at the moderate pressure of 15 Ib/in- (i kg/cm^), 
but a high temperature still has to be employed. For this reason a low 
temperature polymerization process is to be preferred. Alternatively, 
polystyrene may be applied in the form of a lacquer (Gerould 

Polymerization method 

\ number of monomeric substances are known which will polymerize 
slowly at room temperature, or faster at higher temperatures. In this 
way a first replica may be made in a relatively massive block without 
harming the specimen, after which the final replica may be prepared as 
an evaporated metal or silica layer (Brown and Jones The method 
requires a little more time than most two-stage methods but gives 

superior resolution (Brown , 
partly because the small mole¬ 
cular size in the monomeric state 
is the effective limitation on resolu¬ 
tion but primarily because the 
monomer w'ets most surfaces much 
better than any solution of a 
plastic. It has wide possibilities of 
application in biological as well as 
metallurgical problems, as it can 
be applied without trouble to 
superficially dried but otherwise 
wet specimens. 

A suitable material is methyl 
methacrylate monomer such as is 
used in dentistry. It normally 
contains o- i per cent hydroquin- 
one as stabilizer, which is removed 
by shaking with one fifth its 
volume of 20 per cent sodium 
hydroxide in a separating funnel, 
discarding the brown lower layer and repeating the process. The 
liquid is then washed twice in distilled water, running off the lower 
layer each time, and finally dried overnight over anhydrous calcium 
chloride. Before use, polymerization is started by heating 5 cc of the 



ric^urc I 14. .Mcthaciylatc replica of 
cadmium surface ( x 6,000) 
(Cavendish Laboratory) 
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destabilized liquid for half an hour at 90° C with 3 mg of benzoyl 
peroxide. The liquid is then applied to the specimen and allowed to set 
at room temperature for as long as possible; the harder the polymer 
the better the replica and the easier to use. At a higher temperature, 
which may be used with less sensitive specimens, a shorter time is 
required. From metal or other solid surfaces the polymerized plaque 
may then be removed by inserting the blade of a knife at the interface. 
^Vith biological specimens, which may conveniently be laid down on 
a glass slide for replication, parts of the material are liable to remain 
adhering to the replica. They must be removed by washing in suitable 
solvents or by enzymatic digestion. 

The final replica may be made by coating the methacrylate surface 
with silica by evaporation. Best results, however, are obtained by 
evaporating chromium or gold on to the surface in a layer 50 to 100 A 
thick; a shadowing angle may be employed in the process in order to 
increase contrast. The metal replica is removed by coating it with collo¬ 
dion or berynium and dissolving the methacrylate in a suitable solvent 
such as chloroform. The replicas thus obtained from metal and bio¬ 
logical surfaces show better resolution than by any other method 
(Figure 114). It allows soft metals to be examined, such as cadmium and 
lead, which are not amenable to methods requiring higher pressures 
and from which direct stripping is found to be impossible. 


Aluminium pressing method 

The surface of hard metals such as steel may be examined by forcing 
on to them at high pressure a metal such as aluminium, which is softer 
and permits a coherent oxide replica to be formed subsequently 
(Hunger and Seeliger The method is especially useful for very 
rugged specimens, such as roughly polished, hea\ ily woi ked or fractured 
surfaces from which plastic replicas cannot be stripped intact. In such 
investigations the electron microscope has an advantage ()\ cr the optical 
microscope, even in their common range of magnification, owing to its 
great depth offocus. Surfaces which ha\e irregularities ofmore than i [a 
ean only be inspected as a succession of layers with the optical micro¬ 
scope, owing to its small depth of focus at high magnification. On 
the other hand the electron microscope has a depth of 10 ja or more at 
magnifications of the order of f)Oo to 1,000 x (r/p 86) and will thus 
show the whole surface relief in a single picture. 'I'he main aj^plication 
of the aluminium pressing method is in the field of metallurgy. 

The impression is taken in a disk of pure aluininiuin, prepared as for 
the normal oxide method (p 227). The pressing is best carried out in a 
die to prevent lateral motion of the aluminium over the specimen 
(Nutting and CIossi.eitB oth metals must therefore be prep.ired 
in a shape and size to fit the available die. The jnessure applied must 
exceed that at which aluminium flows, but be below the yield stress foi 
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the specimen. A value of 15 to 30 ton/in^ (23 to 47 kg/mm^) is practi¬ 
cable with steel specimens, and is applied at room temperature for 
30 min. The aluminium disk is readily separated from the specimen after 
removal from the die, and the oxide replica is then prepared as already 



Figure 115. Fracture surface of 
temper-brittle steel, in brittle con¬ 
dition; aluminium pressing replica 
(x 800) (Cavendish Laboratory) 



.1 * . .j 
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Figure 116. Aluminium pressing 
replica of fracture surface of mild 
steel, showing grain boundaries, 
cleavage pits and cliff-like artefact 
produced by rupture of the alu¬ 
minium (x 2,000) (Cavendish 
Laboratory) 


described. A typical replica from a fracture surface isshown in Figure 115. 

The resolution of the method is again set by the mottled structure 
which appears over the surface of the oxide replica, and in the best case 
is not better than 400 A. In addition a type of artefact peculiar to the 
impression process may appear. When the aluminium disk is detached 
from the specimen, cleavage may occur through the aluminium itself 
and not at the interface, when there are re-entrant regions in the speci¬ 
men such as occur in etch pits. The type of 'clifiF’ formed is readily 
recognized with experience and is indicated in Figure 116. A different 
artefact may arise during the electrolytic oxidation process: local 
etching of the aluminium may occur, giving rise to the characteristic 
cubic structure illustrated in Figure 117- This is easily detected since 
the specimen structure is normally much less regular. It may be elimi¬ 
nated by immersing the aluminium disk in the oxidizing bath at zero 
voltage and then increasing the potential slowly to 25 v. 
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REPLICA METHODS FOR BIOLOGICAL 

SPECIMENS 


Many biological specimens have surface details which it is of interest to 
investigate yet w'hich represent dilHculty in replication, ranging from 
solid but porous substances such as wood to highly fragile molecular 
frameworks such as the crystals of proteins and plant viruses. In addition, 
owing to the need to desiccate even those biological specimens which 





Figure 117. .\itefact produrrcl by 
etching action during oxidation of 
aluminium pressing replica 
(x 10,000) (Cavendish Laboratory) 


Figure Tib. I’lastic-cliromium replita of 
surface of section of cat brain (x 3,boo) 
(\Voi,i\ Inst, of Histology, Prague) 


can be examined by direct transmission in the electron microscope, 
any method w^hich allows material to be examined in as nearly as 
possible its natural wet state becomes of first importance. 1 hisapplicsto 
thick sections as well as to bulk tissues, since the thin sections which it is 
now possible to cut are liable l(» be distorted in the process as well 
as in being finally dried. \ ariety of replica methods arc now available 
which may be applied to soft specimens such as arc‘ usual in biology, as 
well as special methods for certain materials. Some of them ha\e 
been successfully applied to superficially dried objects which aie othei- 
wise practically in their natural state. 


Replicas in plastic materials 

Of the methods already described, the polystyrene-silica and methacry¬ 
late processes are adaptable to biological uses. 1 he former is best used 
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by applying the polystyrene in the form of a lacquer in benzene as 
solvent. The latter needs no modification, except that it will normally 
be found desirable to apply the destabilized monomer to the specimen 
at room temperature or only slightly above, and to allow a correspond¬ 
ingly longer time for polymerization. The specimen will usually ad¬ 
here to the replica and must be removed by digestion. It has proved 
valuable for obtaining replicas of crystals of macromolecular substances 
such as haemoglobin, which fragment on drying owing to their high 
water content (Brown It therefore promises to be of wider applica¬ 
bility than the metal pseudo-replica process below, which can only be 
used on desiccated materials. The resolution appears to be of the same 
order as in the latter, being probably determined by the size of mole¬ 
cule in the monomer and not by the chain length of the polymer. Its 

use on larger biological subjects in the wet state has been illustrated by 
Brown and Jones 

An alternative method suitable for wet specimens has been described 
by Wolf He applies to the superficially dried surface a solution of a 
synthetic plastic (Palapont) in chloroform, which does not form an 
emulsion with water. AVhen it has dried it is removed with cellophane 
tape, and any residual material cleaned from it. It is removed from the 
tape in absolute alcohol and fixed face uppermost on a glass slide by 
means of strips of similar tape across its corners. A film of chromium is 
then evaporated on to the surface in vacuo at a shadowing angle depen¬ 
ding on the roughness of the relief. The replica is scribed into squares 
and immersed in chloroform to dissolve Palapont^Xm. The chromium 
film floats to the surface and is mounted on a grid in the usual way. 

The method has shown successful results with a variety of biological 
specimens: human tonsil, endothelium, cartilage, bone, teeth etc 
(Figure 118). Particular attention has also been given by Wolf to the 
study of the surface of thick sections by this method, after superficial 
drying, and structures such as the cell nucleus, mitochondria, Golgi 
apparatus, and features previously unknown have been demonstrated. 


Pseudo-replicas in metal 

A special form of stripped metal replica has been developed by Wil¬ 
liams and \\ YCKOFFfor investigating the crystal structure of plant 
\ iruscs and similar specimens in which a higher resolution is needed 
than can be obtained by replica methods generally. As some of the 
specimen material is usually stripped with the film they have termed it 
a ‘pseudo-replica’ since contrast is due to both the replica and the 
specimen itself. 

I he specimen is settled on to a clean glass slide from water suspen¬ 
sion and dried. A heavy metal film is deposited in vacuo at a shadowing 
angle of io° to 20®, the thickness being no more than 10 A in order not 
to obscure the fine detail which is sought in the specimen. A layer of 
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collodion is then flowed over the slide, allowed to dry and stripped bv 
immersion in distilled water. The collodion-supported replica is then 
cut into squares with a pair of scissors on the water surface, and picked 
up on grids. 

The difTicultv mostly encountered is in removing the film from the 

slide. It is found preferable to take a new slide from a box which is kept 

away from the corrosi\ c action of fumes in the laboratory. I'he surface 
• * 

is simply cleaned with soap and water, strong agents such as chromic 
acid being avoided, and then rinsed with distilled water, 'bhe metal 
used for replication also affects the case of removal of tlic film. Gold- 
palladium alloy is hardly as good as pure gold from this point ofvicw, but 
shows less granulation. Vhe properties of alternative metals are critically 
discussed bv Williams and Hackl’s It also seems desirable for the 
collodion solution to dry ra])idly on the slide; Wyckoif fa\ours an ethei 
dilution of the standard ( hemisis' collodion solution in ether alcohol. 
If these technical points arc obsciA cd no difficulty should be found in 
removing the film from the slide on immersing it in water; it is ad\ i^al)le 
to scrape the leading edge of'the slide Ix'forehand so as to present a clear 
glass-film lioundary to the water. Once it h.is begun to lift the film c an 
be aided with tweezers but care must be exercised not to strain it. 
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replicated; successful results are obtainable, however, from crystals of 
several microns in length providing that they are sufficiently thin. In 
order to render side faces of the crystal more visible, Wyckoff applies 
metal shadowing from two directions at right angles. The contrast 




Figure 120. Pseudo-replica in gold of bean necrosis virus crystal, showing 
lattice structure (x 23,000) (Cavendish Laboratory) 


is good, owing to the use of heavy elements for shadowing, and the 
resolution is better than in any other method provided that care is 
taken to avoid granulation. This requires sufficiently long evacuation 
to give a really high vacuum before evaporation of the metal, and avoid- 
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ance of high current densities during inspection in the electron mi¬ 
croscope. Owing to the poor contrast naturally given in transmission by 
objects which are so thin and composed of elements of such low atomic 
number, this replica method offers the main means of investigating the 
appearance of large mole¬ 


cules, viruses and the small¬ 
est fibrils. An account of 
the range of its application 
in this field is given in ref 

The layer-stripping method 

A variant of the above tech¬ 
nique has been developed 
by Reed and Rudall 
for the study of successive 
layers of more massive 
specimens such as cuticle, 
muscle or connective tissue. 
The preparation is dried 
down on to a clean glass 
slide and shadowed with 



Figure 121. Gold-shadowed replica of surface 
of earthworm cuticle ( X 13,500) (Reed and 
Rudall, Leeds University) 


gold or chromium. A col¬ 
lodion solution is poured over it, allowed to set and if possible stripped 
off. More usually the underlying material has to be dissolved by 
proteolytie digestion (trypsin or pepsin) so that the replica and collodion 
film floats free, when it may be mounted on grids. In suitable instances 
successive layers may be stripped from the material, which usually 
has greater adhesion to the slide than internal cohesion. A typical result 
obtained from the cuticle of an earthworm is shown in Figure 121. 


Replication of wood 

A number of porous substances, such as porcelain and wood, have pro¬ 
perties which prevent the stripping ofa thin replica film of normal type 
from their surface. A three-stage method which overcomes the difficulty 
has been devised by Nieuwenhuvs The initial replica is taken in a 
3 mm thick block of alkathene (an ethylene polymer produced by I.C.I. 
Ltd) at a pressure of i kg/cm- and a temperature of 115° C. It is ad¬ 
visable to use alkathene of low degree of polymerization; grade 200 was 
found to be suitable. The replica is removed from the surface with a 
knife blade and is then coated with a drop of 2 per cent collodion solu¬ 
tion, followed immediately by a drop of 10 per cent collodion in amyl 
acetate. Again this replica cannot be removed from the alkathene in a 
film thin enough for electron microscopy, and so it has to be made 
rather thick. It is dry stripped from the alkathene and mounted in a 
vacuum chamber, where a thin aluminium film is then deposited on it 
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1 i’^uic I rc-pli{ a of surfac c of wood 

W'h NHi 'i] r( hnical I iii\ ci'>itv. Delft 




uj) {{) about .joo A ill thit kiirss. lAaporatioii is Ijcst carried out from a 
iuulti])lc source so as to <;ct a uniform deposit. I'hc collodion film is 
then diss()l\('d auav by placin'^ the composite film on a grid, with the 
aluminium side u])permost, .md exposing it to the \ apour of amyl ace- 
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tate in a reflux condenser. Attempted solution in liquid solvent leads 
to destruction of the metal film. The third replica, which will be of 
‘negative’ type, is then left on the grid ready for examination. An 
example of the results obtained from wood is shown in Figure 122. 

The process can be materially shortened by eliminating one of the 



Figure 123. Schematic diagram of metaUshadowing teclmique 

three stages. One method is to prepare a thin collodion fHm in the 
second stage, or to evaporate the aluminium directly on the alkathene, 
and then to dissolve the alkathene base in tetralinc at 75° C. For less 
porous materials it is possible to make the initial replica from a concen¬ 
trated drop of collodion, which may then be detached and aluminium 
evaporated on to it. With more porous materials the collodion pene¬ 
trates so deeply that satisfactory replicas cannot be removed, although 
the more viscous alkathene is perfectly successful. 

SHADOW CASTING 

The surface relief in a specimen may be rendered visible and the image 
contrast accentuated by the technique of shadow casting first proposed 
by Muller -®' and perfected by Williams and Wyckoff An atomic 
beam of a heavy metal is evaporated on to the specimen at a shallow 
angle in vacuo^ with the result that the projections receive a heavy deposit 
on their ‘windward’ side whilst protecting the supporting film in their 
‘lee’ from receiving metal at all (Figure 123). Ihese ‘shadows’ conse¬ 
quently have much greater transmission for electrons than any other 
part of the specimen and hence appear dark in the negative and light 
in the final print, while the coated elevations are almost opaque to 
electrons; the supporting film receives a uniform layer of metal and 
appears grey. Hence the contrast is greatly increased in the image and 
the form of elevated features is indicated by the length and shape of 
the shadows which they cast. A comparison of a shadowed and an un¬ 
shadowed micrograph of the same field indicates the great improvement 
in interpretation which shadow casting permits (Figure 124). If the 
shadowing angle is known, and the substrate surface can be assumed 
to be locally as well as generally plane, the height of elevations can be 
deduced at once from the length of their shadows in a micrograph 
taken at known magnification. Even when high accuracy is not possible 
this method gives valuable information about the degree of shrinkage 
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12^. a Shaclc»\\<-d and b nnshad()U(“d micrographs of oxide 
(ldi<a of scratch on aluminium surface; (x [9,000) 
i(al Chemistry anti C'avcndish Laboratories, C^ambridgeJ 
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of any biological specimens on drying, which is always much greater 
in the dimension vertical to the supporting film than in its plane. In¬ 
deed, shadow casting is especially important for biological specimens 
generally, which are apt to be lacking in contrast; it is also helpful in 
improving the contrast of some types of replicas. On the other hand if 
employed indiscriminately and without precautions it may obscure 
important information and even introduce artefacts into the image. 

APPARATUS AND MATERIALS 

The apparatus required consists of a large bell jar which may be highly 
evacuated by a combination of diffusion and backing pumps. A design 
suitable for laboratory construction is shown in Figure 125; it is also 
possible to buy complete installations from a number of concerns. Eva¬ 
poration takes place from a filament heated by current supplied by 
two leads entering through the base plate; one of them is insulated, as 
well as made vacuum-tight, by means of a rubber bushing. The 
specimen is mounted on a slide fixed in a holder which may be placed 
at different distances from the filament and inclined at different angles 
(Figure 126). The chief requirement is a high pumping speed, so 
that a large capacity diffusion pump should be used, preferably fitted 
with a large valve for isolating it from the bell jar. If this is not 
provided much time may be wasted in waiting for the pump to cool 
down after evaporation of metal; conversely the pump can be heating 
while the specimen is being mounted and the filament prepared. The 
bell jar may be sealed to its metal base with vacuum grease or, better, 
with a rubber gasket. A vacuum gauge is essential for indicating the 
attainment of working conditions. 

The metal to be evaporated is usually employed in the form of wire 
ofwhich a suitable length is cut off, doubled into a short length and hung 
over the angle of a T-shaped filament oftungsten wire(diamctero 5 mm). 
Evaporation may then be assumed to take place spherically, so that in 
place of equation 37 we now have 

w sin 0 = A - I- dx .... (38) 

for the weight of metal w of density d required to give a film of thick¬ 
ness X on a surface, at a distance /, which is inclined at an angle 0 to 
the direction of the arriving beam of metal. It is convenient to obtain 
the shadowing metal, if possible, as wire of such a gauge as to be approxi¬ 
mately I mg per mm in weight, in order to simplify its preparation 
in known quantity. The tungsten filament is heated by the current 
from a step-down transformer (i : 20) working off the mains supply, 
controlled by an auto-transformer {Variac) and with an ammeter in 
series for standardizing the conditions of evaporation. Currents of the 
order of 15 to 30 amp are required for the heavy metals most used for 
shadowing. Some of them (palladium, platinum) alloy with tungsten 
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with the result that the molten pellet spreads and can no longer be 
treated as a point source unless the specimen is at least lo cm distant. 
The filament is then found to break after one or two operations, in¬ 
stead of after the repeated use which is practicable with gold and some 



of its alloys, which do not attack tungsten and hence evaporate from a 
very small region. Chromium is more usually obtained as chips or 
filings; these must be evaporated from a basket of tungsten wire or from 
a boat of strip metal which is best made from molybdenum or tanta¬ 
lum, as these are more malleable than tungsten. 

1 he metal to be used will depend to some extent on circumstances. 
Gold is easy to evaporate (m.pt 1,063° C) but is inclined to aggregate 
both on deposition and in a strong electron beam, giving the grainy 
structure visible in the background of Figure 120. Alloys of gold with 
40 per cent palladium or with manganin are much more suitable from 
this point of view, without being much more difficult to evaporate. 
Pure palladium (m.pt 1,555° C) or platinum (m.pt 1,773° 
very satisfactory but requires high heating currents. The properties of 
metals for shadowing and the many uses of the technique are well dis¬ 
cussed by ^VILUAMs and Backus who give favourable mention to 
uranium and some of its compounds. Tungsten oxide and iron have 
also been used with good results Heavy metals, having high scattering 
power for electrons and hence giving good contrast in the image, are 
clearly to be preferred but some of those of lower atomic number, such as 
chromium, have been used. They have the advantage of easier evapo¬ 
ration but a thicker deposit is needed to give a contrast equivalent to 
that obtained with gold; however, this is no disadvantage when the 
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resolution sought is not high. In general, gold-palladium is very suita¬ 
ble for most purposes where high resolution is needed. 

In order to avoid spoiling specimen detail it should be a rule never 
to use a thicker deposit than is necessary to give adequate contrast. 
This will depend on the thickness and natural contrast of the specimen 
itself: 8 to lo A is enough for plant viruses and similar objects of the 
order of lOo A in size, whereas 20 to 50 A will give greater clarity to 
pictures of bacteria without spoiling detail. Heavier shadowing may 
give more impressive looking pictures, of magnificent contrast, but 
only at the cost of resolution. At a shadowing angle of 15° a deposit 
intended to be 25 A thick over the plane of the specimen will pile up 
to 100 A on any elevation projecting from its surface. Hence a thicker 
layer should not be used, except at a higher shadowing angle or where 
a resolution worse than 100 A can be tolerated. 

Angle of shadowing 

The angle of shadowing depends similarly on the nature of the speci¬ 
men. For those of small elevation, such as viruses or bacterial flagella, 
an angle of 10° to 15° (an inclination of i in 5 or 4, respectively) will 
give shadows long enough to be easily seen; but a steeper angle may 
be preferable if the field is crowded 
with particles. For bacteria, repli¬ 
cas and general purposes an angle 
of 20® (i in 3) is suitable. \'ery 
rugged specimens or replicas may 
require an angle of 30° or even 
more in order to prevent shadows 
from becoming unduly long. 

The required angle is most con¬ 
veniently obtained by mounting the 
grids to be shadowed on a glass slide, 
which mav be fixed in a slotted arm 
that is free to rotate about a horizon¬ 
tal axis on a pivot with an attached 
scale marked in degrees (Figure 126^. 

It can be secured at any desired angle 
with a set-screw, and the whole ass¬ 
embly may be similarly adjusted on 
a vertical rod at the required dis¬ 
tance from the filament. The latter 
may cither be fixed on long rods at 
the top of the bell jar, so that evaporation takes place downwards, or 
near the base with evaporation upwards, the specimen being then 
supported in an inverted position at the top of the jar. The second 
arrangement is preferable as it also allows evaporation from a flat strip 



Figui e 126. Rotatable holder for 
metal sliado\vinaf,.sho\\ ing e»)nib- 
clips for fixitig grids toslitle 
(Ca\’cndisb Laboratory ) 
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or boat when powdered material such as beryllium or silica is employed. 
In either instance it is advantageous to secure the specimen grids to the 
slide with clips; a convenient design, which allows many specimens to be 
shadowed simultaneously, consists of a tooth-comb made of phosphor- 
bronze which springs on to the slide (Figure 126). With a holder taking 
two slides, up to 64 grids may be shadowed at once by using several such 
combs. An alternative procedure is to lay the grids flat on slides which 
are arranged on the base plate at the desired distance from the filament, 
and to have the filament height variable. The advantage ofsimplicity is 
here again offset by the difficulty of evaporating powdered materials. 

Precautions 

As regards the shadowing process itself the main requirement is the 
establishment of a sufficiently high vacuum before evaporating the 
metal. Granulation of the deposit occurs if the vacuum is not high 
enough; if it is so poor that the mean free path of the atoms is less than 
the source-specimen distance, the shadows themselves will lose sharp¬ 
ness. The mean free path exceeds i o cm for pressures below 5 X i O”^ mm 
mercury i.e. just less than the pressure at which a Geissler tube ceases 
to show a discharge (blackout pressure). A pressure at least ten times 
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igurc 127. Flagellum of Euglena Gracilis: a before and b after exposure 
to intense electron beam: showing granulation of shadowing metal 

(x 10,000) (Cavendish Laboratory) 

lower is required for even rough shadowing, and if granulation is to be 
kept below the resolution limit usually desired it should be between 10“'* 
and lO""" mm mercury. Nor is it enough to wait until a gauge shows a 
pressure of this order, since slow outgassing will continue for some time; 
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unless pumping is carried on long enough there will be a large burst 
of gas under the heating effect of the filament when evaporation is started 
and the vacuum will be seriously impaired at the very moment when 
it should be at its best. Experiment shows that there is appreciable im¬ 
provement in the quality of the shadowed deposit, especially when gold 
is used, up to a pumping time of i hr after blackout pressure is reached; 
and some further improvement up to 2 hr pumping. For most purposes, 
however, and particularly if a poorly granulating material such as 
gold-palladium is used, it is adequate to allow pumping to continue for 
an hour before evaporation is carried out. When comparatively crude 
detail is being looked for, as in studies of large organisms or of replicas of 
metallurgical specimens, granulation is not such a limitation and a 
shorter pumping time may be allowed. 

It must be emphasized that even if granulation is avoided in the 
evaporating process it may still be brought about during examination 
of the shadowed specimen in the electron microscope, if too high a 
current density is employed. Even gold-palladium alloy may re¬ 
crystallize into visible grains in such conditions, as may be seen in 
Figure 127. If the advantage gained by long evacuation is not to be 
wasted at this stage, therefore, the lowest beam intensity should be 
employed at which adequate inspection of the image can be carried 
out. Fortunately most metals and alloys which show good non-granula¬ 
ting properties on deposition also do not migrate or re-crystallize readily 
in the beam; alloys, such as those of gold-palladium and gold-manganin 
already mentioned, are particularly resistant in this respect. 

The golden rules for successful shadow casting arc, therefore, to allow 
long enough time for outgassing the evaporating apparatus, to employ 
the fastest available pumping speed, to use no more metal than strictly 
necessary to give good contrast and to avoid raising the temperature of 
the specimen more than is absolutely necessary either during shadow¬ 
ing or in electron microscopy of the finished specimen. \Vith these 
precautions it will be found to be the most generally valuable technique 
for enhancing the contrast and revealing the surface relief of specimens, 
and correspondingly of improving the resolution in very thin specimens 
of poor contrast. However a warning is required against its indis¬ 
criminate use, especially when the density distribution of matter in the 
specimen is of interest. The shadowed metal scatters the beam so much 
more strongly than the material of the object itself, especially when this 
is of organic origin, that the picture of a shadowed specimen has a con¬ 
trast variation almost entirely determined by the distribution of the 
metal i.e. by the surface relief of the specimen, since this determines 
how thickly the metal is deposited locally. Hence small variations in 
mass thickness in the specimen are swamped by the shadowing material. 
As a result the internal structure of large organisms, for instance, is 
better studied in the unshadowed state, while their surface form is best 
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revealed by shadowing. Figures 84 and 128 show the amount of inter¬ 
nal detail visible when organisms are not so thick as to be opaque to the 
beam; the surface structure of denser bacteria is well shown in Figure 
129. The shadowing method is thus to be treated as a valuable supple- 
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Figure 128. B. CoHy unshadowed, 
showing macromolecular detail 
(x 9,000) (Hillier, Smith and 
NIudd, RCA Laboratory) 



lyU 

Figure 129. Shadowed bacteria 
[Salmofiflla Fw/Zeri/m), showing sur¬ 
face structure (x 19,000) 
{Cavendish Laboratory) 


ment to the normal viewing of specimens and not as standard practice. 
Sometimes, as with many replicas, it adds so little to the available 
information that the time and trouble demanded is not worth while; 

sometimes it may even obscure important evidence and is to be avoided 
entirely. 

STEREOPHOTOGRAPHY 

It was pointed out on p 86 that the small permissible aperture of 
electron lenses has the positive advantage of providing a larger depth 
of focus, absolutely as well as relatively, in comparison with the optical 
microscope. In addition to the latitude in focusing thus obtained it 
follows that stereophotography may be readily practised in the electron 
microscope. This technique permits three dimensional reproduction of 
objects by the device of taking two successive photographs of it from 
slightly different viewpoints. These correspond to the two images which 
the eyes receive in normal vision, differing slightly in form owing to the 
finite separation of the retinas. The overlapping impressions are inter¬ 
preted by the brain to convey the perspective of the object, that is, its 
three dimensional form. 


Stereophoiography 


In stereophotography with light the pair of photographs may be 
obtained either with a double camera having two independent lenses 
or with a single camera which is moved sideways by the requisite 
distance between exposures. In electron microscopy it is impracticable 
to move the camera and some other procedure must be employed. It 
has been shown to be quite practicable to shift the direction of the illu¬ 
minating beam to give two slightly different views of the object in a 
fixed camera (Marton and Schiff-®”, Kinder^"”). It is simpler, how¬ 
ever, to tilt the object itself by a few degrees between exposures with a 
fixed direction of illumination, and this is the method now gencralK 
used. A special specimen holder is used, preferably with pre-set posi¬ 
tions for the two exposures ; an angle of 5° to 10° on cither side of the 
axis is usually employed. In the earlier instruments it was necessary 
to remove the holder in order to move it from one position to the other, 
with the result that it was often difficult to find the same field agaiit 
since the tilt shifts it laterally except when it happens to be exaeth on 
the axis of tilt. Recent electron microscopes incorporate devices which 
allow the holder to be tilted slowlv bv external control, while the imago 
is kept under continuous observation on the viewing screen. It is then 
an easy matter to translate the object to compensate ft)r any sidewards 
shift which accompanies the tilt. It is also rcadih possible to ensure 
identical illumination and exposure when the beam need not l)e switched 
off between taking the two pictures. 

When they have been taken, prints i^uist be made whi( h arc as nearh 
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as possible identical in magnification, density and contrast (Figure 130). 
They are then mounted in a stereoscopic viewer reconstituting the three 
dimensional image. The viewer must have a rotating print-holder since 
the two images must be set up in exactly the same orientation, which 
will not be preser\ ed in the micrographs owing to the rotation of the 
image in magnetic lenses. The precautions to be taken in matching 
the prints are well set out by Drummond The measurement of 
depth in the stereoscopic image is fully discussed by Heidenreich and 
Matheson^^ 

The stereoscopic method is naturally only of value where the speci¬ 
men has appreciable three dimensional extension, which is not true 
with most specimens as laid down on supporting films. Those most 
suitable are the openwork structures formed by metal oxide smokes, 
carbon blacks and by some large organisms such as certain bacteria and 
protozoa. The latter, however, are usually too opaque to electrons and 
collapse too much on to the supporting film on drying, even when 
fixed. The stereo method has not therefore proved of more than very 
restricted applicability in the electron microscope as compared with the 
hopes once expressed. The development of the shadowing technique 
provided a much simpler means of displaying the relief of specimens 
having small vertical extension. It may prove that stereophotography 
will be of greater service when very high accelerating voltages are 
available, permitting much thicker specimens to be observed. 



10 


PRESENT LIMITATIONS 
AND FUTURE PROSPECTS 


Some account has been given in the previous two chapters of what 
investigations are now possible with the aid of the electron microscope. 
In its course and in earlier chapters some of the present limitations of 
the instrument have also been indicated. It is now time to consider their 
nature in a little more detail, directing particular attention to the pros¬ 
pects of overcoming them. Some are fundamental in nature, such as 
the limitation of resolution by spherical aberration, and can only be 
overcome by some radical departure from the present construction of 
the instrument. Others, such as the thickness of specimen that can be 
usefully examined, require only an extension of existing techniques 
along well defined lines for the present limits of performance to be con¬ 
siderably exceeded. The main problems involved will in each case be 
briefly outlined and some indication given of the state of research into 
them, references being given to enable the interested reader to follow 
it further. In the process some light will be shed on the practicability of 
realizing two of the chief aims of electron microscopy, both of which 
depend on the prior removal of most of the limitations discussed: the 
observation of biological material in the living state and, at the other 
end of our size range, the resolution of individual atoms. 

LIMITS OF RESOLVING POWER 

The resolving power of present-day electron lenses, whether electrical 
or magnetic," is limited primarily by their severe spherical aberration. 
The confusion which it introduces into the image of a point object, as 
discussed on p 103, depends on the third power of the aperture angle 
and on a coefficient Cs which is characteristic of the shape of field in a 
lens and of the power at which it is operated. It has been shown quite 
generally by Scherzer^^ that Cs can never be zero or negative in 
electron lenses such as we now use, which have rotational symmetry 
about the axis, which contain no sources of electric or magnetic fields, 
and which are constant in time. As there can be no lens with a negative 
aberration coefficient there is no hope of combining lenses of different 
properties which cancel each other, as is practicable when correcting 
lenses in light optics. Nor can one hope to find a lens field with zero 
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aberration. Indeed, such work as has been done on different field forms, 
both experimentally and theoretically, suggests that small variations 
from the bell-shaped axial distribution produce no important change 
in spherical aberration. 

It will be seen that Cs enters into the expression for the combined 
effect of spherical aberration and diffraction only as the fourth root: 

87- = 1 • 14 I Cs x 3 | i .... (39) 

s 

Hence a radical reduction in the value of the coefficient is needed if the 
resolving power is to be significantly improved. A very good magnetic 
lens may have Cs = 02 cm; the best electrostatic lens rather more. The 
best figure to be expected from the bell-shaped field investigated by 
Glaser (p 38) is theoretically Csjf =0-25, leading to Cs = o ■ 05 cm 
for a focal length of 2 mm. For a voltage of 60 kv, equation 39 then 
gives 5 ■ 7 A for the total aberration, neglecting chromatic effects. Such 
a possible fourfold reduction in the coefficient has yet to be achieved, 
although it has been approached. A further reduction of tenfold, even 
if it were obtainable by varying the form of the field, would only reduce 
the resolving power to 3 • 2 A which is still some way from the aim of i A 
required for observing single atoms. It may be true, of course, that some 
of the assumptions made in deriving equation 39 are rather pessimistic 
so that the result underestimates the resolving limit. However, an inde¬ 
pendent and more consistent derivation on a wave-mechanical basis 
by Glaser®" has resulted in changing the numerical factor only 
from I • 14 to o- 78. The figures given above, for the ultimate resolution 
to be expected on grounds of diffraction and spherical errors, must thus 
be regarded as close to the truth. In practice other errors influence the 
actual performance of a machine, as distinct from that of an isolated 
objective lens. Even with the best stabilization of voltage and current 
supplies (p 162), careful attention to all the instrumental factors (p 169), 
and elimination of residual astigmatism down to the limits of its detec¬ 
tion (p 153), it cannot be expected that an image resolution of better 
than 10 A will be obtained from instruments of present design, even 
with the most favourable specimen. 

CORRECTION OF SPHERICAL ABERRATION 

The chief remaining hope of improvement lies in dropping one or more 
of the assumptions in Scherzer’s theorem of non-negative values for 
Cs\ rotationally symmetrical, source-free and non-varying fields. In 
principle it is found that correction of spherical aberration may be 
secured by causing the focusing field to vary at high frequency, by 
introducing a space charge of radially varying concentration into it, or 
by giving it differing distributions in different longitudinal planes con¬ 
taining the axis. The last named system is equivalent to introducing 
astigmatic components into the objective lens. 


Correction of spherical aberration 


The practical possibilities have been well discussed by Scherzer 
himself It appears that all the systems so far proposed are beset 

with considerable experimental difficulties. In principle a high fre¬ 
quency field could be applied to an electrode in such a manner that its 
potential varied appreciably (and thus the focal power of its field) be¬ 
tween the arrival of the central and marginal parts of the imaging beam, 
regarded as a near-spherical wave; as Figure 52 showed, the outer part 
of the lens is normally too strong relative to the axial region. By suit¬ 
able choice of the rate and magnitude of the change the power of 


the lens could be made smaller by the amount needed to bring both 
parts of the beam to the same focus^^’^^®. Unfortunately the speed 
of electrons in a 60 kv beam is so high that the time of arrival of 
axial and marginal parts differs only by a very small fraction of a micro¬ 
second. Hence an attempt to realize this method would require an os¬ 
cillatory source of a wavelength of a few mm, highly stabilized and of 
accurate wave form. The requirements are not entirely beyond the 
bounds of practicability, but in any case the degree ofcorrcction obtain¬ 
able is less than was originally supposed, as Gabor® has pointed out. 

The same conclusion applies to the use of space charge. The required 
distribution of charge in the form of a cloud of charged particles has 
been discussed by Gabor®’ In the fully symmetrical spherical form 
it corresponds to Maxwell’s famous ideal, or ‘fish eye’, lens in light 
optics; but it seems electronically impossible to maintain such a charge 
distribution stable over any significant interval of time. It may be more 
practicable to set up semi-ideal spherical lenses of limited depth of 
focus, or a cylindrical lens. In the latter a line source of charged par¬ 
ticles (cathode or anode) might be situated in a magnetic field which 
would maintain the emitted particles in stable orbits, as in a magnetron 
valve. Two such correcting elements, mutually at right angles, might 
conceivably be incorporated in an objective lens. But the project bris¬ 
tles with technical difficulties and so far has not been attempted. An 
alternative method of producing the needed space charge within a lens 
has been discussed by Scherzer -" introducing a very thin conducting 
foil across the axis in the central member of an auxiliary three-clcctrodc 
electrostatic lens. He shows that the resulting distribution of charge 
would have the required correcting action with electrode potentials of 
the practicable value of a few kilovolts. The difficulty arises of securing 
a conducting foil thin enough not to cause appreciable scattering of the 
beam, with resultant loss of contrast and resolution. .\ beryllium foil 
of 15 A thickness would be suitable and could probably be i)repared 
(cf p 191), but it would be another matter to mount ii in theelectrodc 
and preserve it intact in the beam while focusing and jdiotography were 
effected. It is again a very problematical means of correcting a lens. 
The third possibility remains: the introduction ol'fields which are not 
symmetrical about the axis. Scherzer has shown that both chromaiit 
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and spherical aberration may then be corrected simultaneously, and 
over the image as a whole, not merely in selected planes. He obtains 
the condition of correction of an electrostatic system in terms of two 
lengthy integrals, which must be rendered zero by suitable choice of 
fields. It appears that six or eight component lenses of cylindrical nature 
would be required; this sets a difficult problem of alignment in itself. 
The first step must be to evaluate suitable forms of field distribution to 
meet the deduced requirements. This is laborious but mathematically 
not impossible; it may be more difficult to make electrodes accurately 
true to the shape required to give the distribution calculated. Alterna¬ 
tively, practicable cylindrical lenses might be set up and their properties 
investigated, and then improved in the desired direction. On the whole 
the method appears to be the most likely to succeed of all those proposed, 
and investigations on both theoretical and experimental lines are in 
progress (Hubert Scherzer “®^). It may be anticipated that some 
years of effort will be needed before a satisfactory microscope is 
constructed on these, or any other, principles of correction. But one 
may be equally sure that it will not require the two or three centuries 
which elapsed before the early compound optical microscope was 
perfected. 


DIFFRACTION MICROSCOPY 

One other promising line of approach must be mentioned which offers 
a means of evading rather than correcting the high spherical aberration 
of present lenses. It may be employed also on magnetic lenses, which 
on the whole are more convenient to construct and operate than the 
electrostatic type. In essence the proposal (Gabor is to take a par¬ 
ticular form of diffraction pattern of an object with an uncorrected 
electron optical system, and then to re-constitute a ‘true image’ by 
reprojection in an optical system which is the exact analogue of the latter. 
It is as if the diffraction pattern existing in the rear focal plane of the 
objective lens (^Figure 49) of an electron microscope were to be recorded 
instead of the final ‘real image’. In principle all necessary information 
about the form and size of the object is contained in the phase and 
amplitude distribution in this plane, and we should, with sufficient 
ingenuity, be able to deduce the one from the other. In x-ray analysis 
this is the only procedure open to us, but as phase relations cannot be 
recorded photographically a solution is only practicable where the 
specimen and thus the diffraction pattern have a regularly repeating 
form. 

In Gabor’s project the object is placed just in front of a point source 
of electrons produced by de-magnifying a finite source in a special 
condenser system (Figure 131). The shadow thus cast will have a 
diffraction pattern around it which is characteristic of the structure 
of the object, and this is recorded on a photographic plate. A reversal 
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is made from this plate and inserted at the corresponding position in 
an optical system which is an exact model of the electronic system, the 
scale factor being the ratio of the wavelengths of the visible and elec¬ 
tron illumination. The aberrations and mechanical inaccuracies of the 


Point focus 


Phcfron gun 


Pinhole 



Electron tens 
system 


Photographic plate 

Oiffraction pattern 
('Hologram') 


Electronic analysis 
Optical reproduction of Virtual object, shoten in same 


Hologram 


electronic focal figure optical space as focal figure, 
source enlarged Xitlg Photographic^ate 



Condenser 

Pinhole lens U 


Reconstructing lens 


Lens, to enlarge hologram in ratio kifXg 

Optical synthesis 


Figure 131. Principle of electron microscopy by reconstructed wave 

fronts (Gabor) 

electron lenses must be reproduced in their optical counterparts. This 
constitutes one of the chief practical difficulties in the method, since 
more experience exists of correcting optical aberrations than of piodu- 
cing them to specification. The other technical obstacle is the high 
degree of stability required in both systems of lenses. The mechanical 
stability can be met by careful mounting, in a laboratory remote from 
traffic and other sources of vibration. The electrical stability must be 
of the order of a few parts in a million over an exposure period of an 
hour or more. These difficulties make it improbable that Gabor s orig¬ 
inal proposal can be realized. Better prospects of success arc offered by 
a variant in which the initial picture is obtained simply by defocusing the 
objective of an electron microscope of normal construction, the required 
information now being contained in the Fresnel fringes (c/p 146). 
Preliminary experiments on these lines have already shown a resolving 
power of about 10 A without special attention being given to the optical 
reconstruction system (Maine ■^*). 

POSSIBILITY OF DETECTING SINGLE ATOMS 

It has so far been assumed that a resolution of a few Angstrom units 
would be of practical use if it could be attained. 1 he ejnestion 1 emains 
to be answered whether objects of this size will interfere suflkicntL 
with the incident electron beam to give visible differentiation in the 
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photographic record. Otherwise they will go undetected from lack of 
contrast, even though the linear resolving power is available to separate 
them from each other. The problem can be viewed in terms of the 
intensity peak of Figure 51a, which gives the contrast due to a small 
circular source of illumination in the object plane. As the size of the 
source {e.g. an illuminated pinhole) is reduced the height of the peak 
will decrease towards the limit set by an ideal point source; its width is 
determined by the aperture of the objective and the wavelength of the 
illumination. The presence of the source will be detected if the inten¬ 
sity in the corresponding image point causes a visible variation in the 
unilluminated background, larger than the limited contrast threshold 

of the eve. 

/ 


CONTRAST LIMITS 

In practice we usually have to deal with the converse case of an opaque 
particle in a uniformly illuminated field, but the contrast problem is 
essentially the same. Visibility then depends on the particle producing 
a sufficiently marked dip, of the same form as in Figure 51 but inverted (cf 
Figure 132a), in the high level of background illumination in the 
image. As the size of the particle is diminished this contrast difference 
decreases until it is below the discrimination threshold of the eye. This 
sets the ‘contrast resolution’ limit for a single image point, as distinct 



Figure 132.0 Intensity distribution across image of single 
particle, b intensity distribution across image of two 

neighbouring particles 


from the power of the microscope to resolve two neighbouring points 
(figure 132^) of high contrast. In detailed discussion complications arise 
owing to the semi-transparence of the object and to interference between 
the direct beam and that scattered elastically by the particle, if the 
illumination is coherent as it will normally be in conditions of high 
resolution. In the presence of lens aberrations it becomes still more 
difficult to calculate the intensity distribution in the image point. 
Even when this is done, by making suitable approximations, it remains 
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to agree on the minimum detectable variation in contrast; estimates 
vary betvv^een 2 and 10 per cent, or higher for conditions of low total 
illumination. 

It is not surprising, therefore, that the results obtained by different 
investigators for the size of the smallest detectable particle differ widely. 
There is fairly general agreement, however, that the limit set by con¬ 
trast will be of atomic dimensions, provided that sufficiently high resol¬ 
ving power is attainable. By considering diffraction effects alone i.e. in 
terms of Figures 51 and 132, concluded that single atoms 

larger than manganese (atomic number Z = 25) should be discernible. 
Taking account of the elastic scattering effects, Schiff^^^ showed that 
atoms as small as nitrogen = 7) should be imaged with a contrast 
difference of 10 per cent by an ideal lens. The presence of spherical 
aberration prevents this being achieved with present lenses. 

The most detailed investigation of contrast limits has been carried 
out by Boersch in a series of papers which are conveniently gathered 
together in a general discussion of future prospects Taking into 
account both elastic and inelastic scattering, and using the Thomas- 
Fermi rather than the Rutherford expressions used by Schifl', he con¬ 
cludes that atoms of gadolinium {Z ~ ^4) i^nd larger should be visible 
with an accelerating voltage of 60 kv and a resolving power of 3 A. 
According to Sciierzer-" smaller atoms would also be visible, owing 
to the favourable effect of spherical aberration on contrast. A consider¬ 
able improvement would result from the removal from the beam, by a 
‘velocity filter’, of those electrons which have lost energy by inelastic 
scattering. The minimum detectable thickness of an amorphous film, 
on contrast grounds, would thus be reduced from 65 to 22 A in the case 
of aluminium. With crystalline films the limit is of atomic dimensions, 
owing to the mutually reinforcing action of the regularly arranged 
atoms. Boersch shows that individual aluminium atoms should then 
be detectable in a crystalline layer of 24 A. He has since pursued the 
practical problem of devising an effective velocity filter, pioducing^a 
marked improvement especially in electron diffraction photographs 


PHASE CONTRAST METHODS 

The greatest prospect of improvement, however, lies in the application 
to electrons of the phase contrast methods now used in optical micro¬ 
scopy. The interferences given by a crystal lattice arc essentially phase 
phenomena but they would be converted into amplitude effects, which 
could be recorded, if a suitable phase changing device could be inserted 
in the path of the beam. Boersch shows that atoms of lithium iZ — 3 ) 
should then be detectable in a crystalline layer even if it were only one 
atom thick, under the prescribed conditions of voltage and resolving 
power; but only larger atoms would be detectable in compounds or 
organisms. The practical difficulty will be to constiuct an electron 
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phase plate, which may be a hole of about i (x in diameter in a semi¬ 
transparent film of thickness 150 A or so, or a special type of electro¬ 
static field. Preliminary attempts at experimental realization have 
proved negative 


DARK FIELD MICROSCOPY 

Another possibility investigated by Boersch is dark field microscopy, in 
which imaging occurs by acceptance of the scattered instead of the 
direct beam (p 117). His early work^^ had shown theoretically that 
resolution in dark field should be better than in bright field, in the 
electron case as in light optical microscopy, but that in practice con¬ 
siderable difficulties prevented its realization. In his later discussion 
he investigates the dark field limit in detail, on the basis of scattering 
formulae, and shows that very high resolution should be obtained. 
On a supporting collodion film of 100 A thickness, single atoms in 
an object should be detectable if of atomic number 13 (aluminium) or 
greater. Homogeneous amorphous monatomic layers should be detec¬ 
ted ifof^ > 40 (zirconium), even though the individual atoms would 
not be resolved with the postulated resolving power of 3 A. In objects 
carried on a grid without supporting film, individual atoms even of 
hydrogen should give enough contrast to be visible. Theoretically, 
therefore, it is confirmed that resolution should be higher in dark than 
in bright field; experimentally the reverse has so far held. Improvements 
in the electron gun have made possible increased intensity of illumina¬ 
tion and thus an exposure short enough to reduce many sources of 
instability; there is a limit in this direction, however, set by the tempera¬ 
ture sensitivity of the object (p 264). In addition a very small aperture 
must always be used in dark field operation, and the usual difficulties 
then arise from contaminating deposits and electrostatic charging. As 
a result, Hall was unable to report a lower resolution than 50 A in 
dark field images, when the same objects gave 25 to 30 A resolution in 
bright field, it appears probable that better results might be obtained 
at higher voltage, since the contrast in dark field does not decrease as 
does that in bright field as the wavelength of the beam is reduced. 

ILLUMINATION AND MAGNIFICATION 

1 here remains the question whether the illuminating system can supply 
sufficient intensity for visual focusing to be possible to the accuracy that 
would be required if a resolving power of a few Angstrom units were 
indeed achievable in practice. A total magnification of i million times 
would be needed to bring such a disk of confusion up to the resolving 
limit of the eye. With a fluorescent screen of the finest grain a factor 
of 5- 10 might be obtained with a viewing telescope, so that the elec¬ 
tronic magnification would need to be 100,000-200,000 X . The prov¬ 
ision of adequate illumination for this condition, at the small aperture 


258 



Maximum thickness of object 


necessary for very high resolution, has been investigated in detail by von 
Borries He concludes that requirements for visual focusing can 
indeed be met, provided that too small a physical condenser aperture 
is not fitted and that the lenses are very accurately centred and all aper¬ 
tures kept very clean. If an electronic image intensificr could be de¬ 
vised, similar to those now made forx-ray viewing screens it would 
be possible and much more convenient to operate at lower electronic 
magnifications of the order of 40,000 X. The temperature rise and 
ionization in the object would be correspondingly reduced. 

CONCLUSIONS 

To sum up: it is theoretically possible, on grounds of contrast and in 
microscopes of present type, to observe at least the heavier atoms as 
individuals providing that a resolving power of 3 A can be realized in 
practice. The highest resolution so far achieved is about five times 
larger, being limited by adventitious mechanical and electromagnetic 
factors rather than by the inherent aberrations of the lenses. By adop¬ 
ting new and improved imaging methods, such as velocity filtering, 
phase contrast or dark field operation, even lighter atoms should be made 
visible both in crystalline films and, in specially favourable circum¬ 
stances, in amorphous objects. On the other hand, the observation of 
isolated individual atoms, even if they are to be found in solids, would 
probably be prevented by their thermal motion. There is thus suffi¬ 
cient hope of useful results to stimulate the great efforts needed if a 
resolving power of the order of a few Angstrom units is finally to be 
attained. 


MAXIMUM THICKNESS OF OBJECT 


The question of observing atoms involves discussion of the lowest quan¬ 
tity of matter which can be distinguished in a specimen. At the other 
extreme there is also a limit to the maximum thickness of specimen that 
can be tolerated in electron microscopy without undue confusion of 
the image. As discussed on p 165, the decrease in resolution with thick¬ 
ness depends primarily on the increase in the number of collisions ol 
electrons with atoms in the specimen, leading to a loss ol energy and 
to a spreading of each imaging beam. 1 he energy loss is only dele¬ 
terious because of the chromatic aberration of the lenses, whereas the 
diffusion of individual imaging beams would be so even in a perfect 
lens. The increase in mean scattering angle which occurs will also 


reduce the resolution when a large aperture is used, owing to the effect 
of spherical and chromatic aberration. 

Hence as the thickness of the object is increased practically achievable 
resolution progressively decreases. At 100 k\' the contributions bom 
chromatic and dilfusion effects arc of similar order, for carbonaceous 
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specimens of less than the useful limit of thickness (p 723, ref®). Even 
with a small aperture their combined effect gives an aberration disk speci¬ 
men r 100 A with a specimen thickness of 4,000 A. With greater thickness 
volume scattering increases more rapidly than the energy loss, so that 
for a specimen thickness of 8,000 A (o ■ 8 /^) the disk of confusion would 
be about 250 A from these causes alone. In fact, long before this thick¬ 
ness is reached the number of scattering centres, and the size of the disk 
representing each, have grown so much that they overlap practically 
continuously and it is impossible to distinguish individual points in the 
image. This situation is the reverse of that discussed above: there, the 
limiting factor was the contrast‘produced by an atom in subtracting 
illumination from a continuous bright background, whereas here the 
background is continuously dark and we seek the minimum detectable 
contrast produced by illumination transmitted between opaque regions. 

SCATTERING OF ELECTRONS 

1 he problem of visibility has been approached from this angle by von 
Borries, by investigating the scattering processes in detail Since 
practically all electrons which suffer single scattering are deflected out 
of the beam, the brightness of the image is determined by the propor¬ 
tion of electrons which are not scattered at all in passing through the 
specimen and so remain within the beam. He is thus led to define a ‘trans¬ 
mitting thickness’ (Aujhellungsdicke) as that mass thickness (density X 
thickness) of matter which on the average elastically scatters each elec¬ 
tron once during its passage. Then the fraction i /?, or 36-8 per cent, 
of the entrant electrons is unscattered and retained in the emergent 
beam. Taking into account the inelastic scattering also, he shows that 
this characteristic thickness, d, corresponds closely to that which still 
gives an electron image sufficiently clear for details to be identified. 
For thicknesses greater than about i • 5 d the contrast is so flat that no 
details at all can be discerned. 

The resolution is determined primarily by the inelastic scattering 
i.e. by the confusion due to the effect of chromatic aberration on elec¬ 
trons which have lost energy in their passage. The limiting thickness 
can be calculated for different elements and various beam voltages. 
The results as always differ slightly according to the precise form of the 
scattering laws employed, but for all practical purposes are adequate. 
For carbon the value of d is 900 A for 50 kv, 1,600 A for 100 kv and 
.4,000 A for 500 kv. At 100 kv it is 1,300 A for aluminium and 1,050 A 
for copper. It is therefore not very sensitive to the nature of the elements 
composing the object. In the region where relativistic effects may be 
neglected it is proportional to the voltage, but increases less rapidly 
above 100 kv. 

These estimates agree well with practical experience of the maximum 
thickness of specimen which will give visible detail in the electron mi- 
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croscope; with compact films of metal, not much above i,ooo A is the 
limit. It is seemingly much higher with biological organisms, simply 
because they largely consist of water in the state in which their thick¬ 
ness is normally estimated. On drying, a bacterium of 90 per cent water 
content will be reduced from i to an equivalent thickness of o • i ^ 
(1,000 A), reckoned at a density of unity as in the above example of 
carbonaceous specimens. Hence many bacteria and other organisms, 
tissue cultures and sections show distinct detail even when nominally 
0*5 to I [1 thick. However 0-5 [a can be taken as the upper limit for 
reasonable resolution in dry biological material. 

It is thus evident that the scattering of electrons in passing through 
matter sets a severe limit to the thickness of specimen that can usefully 
be examined. It is especially felt as a limitation in biological applica¬ 
tions. Only the smaller structural units can be examined as a whole, 
whether they are independent particles such as bacteria or parts of 
larger organisms such as cells. The viruses themselves arc well within 
the size range, but the vital study of their relationship to the host can 
hardly be touched by electron microscopy. Even more restrictive is the 
impossibility of observing any such material in the wet state. In prin¬ 
ciple it would be possible to introduce them into the path of the beam 
by enclosure in a double walled cell, with collodion or metal foil win¬ 
dows, as first proposed by Abrams and McBain'^*^. But the penetrating 
power of the beam is too little at any voltage yet employed to allow it 
to pass through any such specimen, let alone the vacuum-tight win¬ 
dows as well. 

The remedy lies in increasing the accelerating voltage, since the 
penetration then increases and the energy loss falls. On von Borrics 
calculations, the ‘transmitting thickness’ for carbonaceous specimens 
of unit density would be about 0-5 tx at i million volts, corresponding 
to a wet organic specimen. Reasonable detail would be visible at still 
larger thicknesses. As the energy loss is proportional to i/K- and the 
volume scattering to i/F, these effects would be relatively negligible, 
making a contribution of less than 50 A to the confusion disk. Even so, 
it is doubtful if intact bacteria would show much detail except in the 
more minute species. It would appear on this basis that voltages of the 
order of 2 to 5 Mv are required for the investigation of wet biological 
specimens of i ia or so in thickness. Some of the difficulties in the way 
of such a solution will be discussed below (p 267). In the meanwhile it is 
necessary to inquire whether the object would in any case not be radi¬ 
cally altered by such an electron beam. 

EXAMINATION OF LIVING MATTER 

Biological applications of the electron microscope are at present handi¬ 
capped by the need to dry specimens before inserting them in the 
evacuated instrument. The extraction of large amounts of water is 
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bound to produce structural changes and probably will be accom¬ 
panied by chemical effects also. Some discussion of the artefacts which 
may thus be produced was given on p 208. Although a partial check is 
provided by light microscopy, and especially by the phase contrast 
method, the effects of drying cannot be thus explored below the optical 
limit of resolution of o ■ 2 ti. It is in the region below this that many of 
the structures are found which are essential to the life of a cell or bac¬ 
terium. The greatest importance therefore attaches to finding means of 
examining biological material in the electron microscope in the wet 
state, and if possible without killing it. 

The primary hindrance lies in the limited penetration of the electron 
beam. However, as noted above, this could be improved sufficiently 
for many investigations by operating at voltages above i Mv. The 
question then arises whether the specimen would not suffer so severely 
from ionization and heating effects that artefacts of another kind 
might not arise, even if it remained intact. In turn this involves an 
estimation of the energy flux required for visual focusing on a fluores¬ 
cent screen and of the minimum total energy that must fall on a photo¬ 
graphic emulsion to produce an image of adequate contrast. These 
factors have been quantitatively discussed by von Borries ® within the 
limits of our present knowledge, and the outcome is decidedly pessimistic. 

IONIZATION EFFECTS 

Electrons passing through living matter produce ionization of atoms 
and molecules along their path, and when this is sufficiently great 
in a region vital to the activity of the organism it will be killed. There 
is a certain amount of experimental data available ^ as to the 
amount of irradiation that is lethal to a given proportion (say 50 per 
cent) of individual organisms in specimens of the type suitable for 
electron microscopy — bacteria, spores etc. In electron microscopy this 
may be taken as the maximum permissible amount of energy incident 
on the object during exposure and inquiry then made as to what area 
of photographic emulsion this energy would render just developable. 
We thus obtain the maximum permissible magnification and hence, in 
combination with the resolving power of the emulsion, the minimum 
size of object that could be recorded. On the basis of this, and of the 
measured properties of emulsions for electrons of different voltages, 
VON Borries has evaluated the order of detail that can be observed with¬ 
out killing more than 50 per cent of the organisms — that is, the ‘reso¬ 
lution’ attainable within these practical limitations. 

The most suitable plates now available have a decided maximum 
sensitivity, in these terms, to beams of 220 kv. At this voltage a single 
exposure could be safely made with the following specimens, at a 
magnification that would give the resolution indicated, according to 
VON Borries: spores Penicillium (630 A), Coli bacteria (4,500 A), and 
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eggs of Drosophila Melanogaster (1-78 jx). For a series of four pictures, 
which might be regarded as the minimum necessary in the study of 
any living process, the exposure of each would have to be at lower 
intensity and magnification, and so at a resolution correspondingly 
poorer by a factor of 2, These conclusions are in rough agreement with 
the only successful observations so far reported on living matter, by 
VON Ardenne and Friedrich-Freksa They exposed spores of a 
potato bacillus {B. Vulgatus) in the electron microscope, removed the 
specimen and incubated it for some time in nutrient broth, and then 
re-examined it for signs of development of the spores. About 8 per cent 
of them showed such signs, a proportion which agrees fairly well with 
von Borries’ calculations when account is taken of the experimental con¬ 
ditions employed. 

It thus appears that it is at present possible to observe only the smal¬ 
lest of living organisms by electron microscopy without killing them 
and at a resolution which improves on that of the light microscope. 
Spores, bacteriophages and some of the larger animal viruses and 
rickettsiae would come in this class. Even so, considerable experimen¬ 
tal skill would be called for, as we have assumed the specimen to be 
exposed to the beam only for the time strictly necessary for photographic 
recording. Focusing could be carried out on another part of the 
specimen, or even on another specimen, before switching over to the 
desired region. It is also assumed that the specimen is preserved in the 
natural wet state in some sort of cell, or at least that it is not killed by 
desiccation if prepared dry, which is only likely to be true of spores. 
The field open to investigation is thus at best very limited. 

The difficulties arise essentially from the much greater sensitivity of 
living matter to radiations of a corpuscular nature, such as electrons, 
than to those of wave nature such as visible, ultraviolet or heat radia¬ 
tion — combined with the fact that photographic emulsions are not 
sufficiently more sensitive to particles than to light, so that only limited 
magnification may be employed. A possible way of improving matters 
is the development of special types of emulsion. If they continually 
increased in sensitivity with voltage instead of showing a maximum 
around 220 kv, a considerable increase in resolution would be obtained 
with living material, since the practical limit is inversely proportional 
to the root of the voltage, according to von Borries. An increase in the 
working voltage to i million or more would allow finer resolution in the 
small organisms already open to investigation, and also the inclusion 
at lower resolution of the next larger class of organisms, which could 
then be examined in the wet state with the increased penetration avail¬ 
able. Whether or not such special types of emulsions can be made is an 
open question, but bearing in mind the achievements in developing 
those needed for nuclear research a qualified optimism would appear 
to be justified. 
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TEMPERATURE RISE 

There remains the problem of the temperature rise which is bound to 
occur in the specimen, owing to transfer of energy in inelastic col¬ 
lisions, and which may produce serious changes in it even if it is not 
killed. It appears that the maximum temperature is reached almost 
instantaneously, owing to the great number of electrons, and therefore 
of collisions with atoms in the specimen, with even the weakest practi¬ 
cable beam. A state of thermal equilibrium is attained in which the rate 
of supply of energy from the beam is balanced by the rate of loss by 
radiation, conduction and, to a much smaller degree, convection. The 
extent of the temperature rise is thus determined by the physical con¬ 
ditions in and around the specimen on the one hand, and by the inten¬ 
sity of the beam on the other hand. The latter is ultimately limited 
by the minimum required for visual observation on the fluorescent 
screen, which is determined by the rate at which electrons arrive and 
not by their total, as is the case for photographic recording. The elec¬ 
tron microscopist therefore can only spare the specimen to a limited 
degree, by working at the lowest possible beam intensity and carrying 
out focusing as quickly as possible, so that the specimen is at the un¬ 
avoidable maximum temperature for a minimum of time. Fortunately 
the rise is highly localized, so that it is possible to focus on one part of 
the specimen and then move to another for photography, without the 
need even of any special shading device. Hence a desired field need 
only be heated for a very short time, of the order of a few seconds for 
each exposure. 

The extent of the rise in temperature has been calculated by von 
Borries under the assumption that radiation is the sole source of 
energy loss, and by von Borries and Glaser for the case where 
conduction is also important. It is found that there is an optimum 
operating voltage, since the amount of energy required on the screen 
is proportional to the voltage {cf p 122) while the energy loss in the 
object is proportional to the reciprocal of the voltage. For screens as now 
prepared this minimum fortunately falls in the range of voltage at 
present most employed, 70 to 130 kv. It is then found that the tempera¬ 
ture rise to be expected in a carbonaceous specimen 100 A thick would 
be about 50° C for a resolution of 50 A, as limited by the maximum 
magnification at which visual focusing would still be practicable on 
the screen. For a thickness of 1,000 A, the rise would be about 100° C 
so long as no more than 100 A resolution was sought; but if a resolution 
of 20 A was needed, the magnification would have to be raised and the 
incident beam would need to be intensified so much that the rise would 
be 500° C. With denser specimens the temperature could rise well 
above 1,000° C, as already mentioned in connection with energy loss 
in metal foils. The rise is only slightly reduced by using a solid speci¬ 
men holder with a single hole, unless this is less than 50 il in radius. The 
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field of view is then seriously limited but such an arrangement was in 
fact adopted as standard in the Siemens microscope; it is probably only 
necessary when very sensitive or thick specimens arc to be observed. 
It has been shown by von Borries and by Konig that a large vari¬ 
ety of objects, including bacteria and colloidal silver, may be heated 
in an oven to as high as 420° C without showing visible structural 
change. Specimens which arc very thick, such as metal films, or which 
contain thick regions, such as many biological organisms, may absorb 
so much energy from the beam that the local temperature rise is great 
enough to cause serious artefacts. Their occurrence in bacteria has 
been well discussed by Konig and Winkler see also MgFar- 
LANE In dry specimens they can usually be avoided by working at 
the lowest intensity required for observation (p 124). 

In examining living matter, however, the tolerable temperature rise 
would be much lower. At the same time the dissipation of energy would 
be more rapid than assumed above, since the effect of convection in the 
liquid contents of the organism will be considerable. Evaporation 
through the walls of the containing cell might also contribute appre¬ 
ciably to cooling (Cosslett“^). A quantitative estimate is difficult but 
it appears that a temperature rise above 50° C could only be pre¬ 
vented by working at very moderate beam intensity and therefore 
also at moderate magnification. Here again the achievement of a reso¬ 
lution much better than that of the optical microscope seems im¬ 
practicable with the fluorescent materials and viewing arrangements 
at present in use. 

Image intensifier 

A considerable improvement would result from the development of 
an image intensifier which would accept an electron image of less inten¬ 
sity than is visible on the best screen, amplify it electronically and re¬ 
project it at an adequate intensity. Some loss of resolution could be 
tolerated, since the device is needed only for focusing; photography 
would usually be possible from the weak initial image, with correspon¬ 
dingly long exposure. Such an image intensifier has already been made 
for x-ray viewing and would appear to be practicable for electron 
microscopy, although it would not be easy to fit to most existing instru¬ 
ments. 

Reduction of temperature effects 

In the absence of an image intensifier some reduction of temperature 
effects in the specimen would result from applying one or more of the 
expedients listed by von Borries (p 232, ref : cooling the object holder, 
use of a small single aperture as object support and of a smaller protec¬ 
tive aperture above it, a two-stage condenser to reduce the imaging 
beam to a very small cross-section at the specimen, and admission of 


265 



Present limitations arid future prospects 

gas at low pressure over the latter to provide a convective loss of 
energy. All these are practicable for the specimen as a whole and are 
aided by adopting the rule of first exploring the specimen at low beam 
intensity and magnification until a feature of interest is found, to be 
rapidly focused and photographed at higher magnification. 

In special cases it would be worth while to set up a shading device, 
as employed by von Ardenne in his work on the germination of spores, 
by which focusing is carried out on one part of the specimen and photo¬ 
graphy on the previously protected region. However, this introduces 
a considerable element of chance into the selection of the field finally 
photographed and is only advisable when a random sample will suffice, 
as in examining a deposit of many identical particles, such as bacteria, 
spores or viruses. More recently von Ardenne has also successfully used 
convection cooling, with a low pressure stream of hydrogen over the 
specimen; he was thus able to observe crystals of sulphur (m.pt 113° C) 
without sublimation taking place 

SUMMARY 

Summing up the prospects of improving the observation of biological 
material, it can be said that means are available for viewing dried 
specimens in existing instruments at adequate resolution and without 
danger of introducing gross artefacts. The occurrence of finer artefacts 
and the detailed effects ofdrying remain to be investigated. The observa¬ 
tion of organisms or tissues in the wet state would require an accelera¬ 
ting voltage of the order of one million volts and an adequately 
protective double-walled capsule, and could then probably be carried 
out without undue temperature rise. Desiccation in these conditions 
of moderate heating and surrounding low vacuum would probably have 
to be countered by the continuous supply of fluid to the specimen. As 
regards the examination of living matter the conclusion must be more 
pessimistic. Thus even at i Mv and assuming the development of 
photographic emulsions efficient for this voltage, the ionization rate 
is still likely to be so high as to be lethal before more than two or three 
photographs have been taken. However, even this meagre result might 
well be worth obtaining in order to throw light on the effects of 
ionization, the distribution of macromolecular materials in the organism 
or tissue, and their migration during metabolism or reproduction — the 
field of view will normally contain a large number of individuals in 
various stages of development. At the same time it must be borne in 
mind that the Brownian motion, as well as the small relative contrast, 
of the constituents of a cell may severely limit the amount of informa¬ 
tion obtainable from such observations. As in so many instances where 
the physics of biological material is concerned, our present knowledge 
is so meagre that no accurate quantitative evaluation of prospects 
can be made. On balance the chances are sufficiently encouraging to 
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warrant the continued prosecution of efforts to investigate living matter 
in the electron microscope. Even a resolution little better than that of 
the optical microscope might yield results of the highest interest. 

HIGH VOLTAGE ELECTRON MICROSCOPY 

It has emerged from the above discussion that the employment of volt¬ 
ages greater than i Mv is likely to be necessary for observing biological 
specimens in the wet state in an electron microscope, let alone living 
matter. There are also many specimens which are too thick to observe 
with present instruments even in the dry state, as well as many of an 
inorganic nature: metal foils and deposited films, catalysts, natural and 
synthetic fibres and so on. 

High voltage gives the increased penetration that is required, with¬ 
out worsening of resolution. The combined effect of spherical aberra¬ 
tion and diffraction actually decreases according to the fourth root of 
the voltage, so long as the optimum aperture is always employed 
(CossLETT®’, Glaser With a given thickness of specimen the chro¬ 
matic error falls rapidly with increasing voltage: the fractional energy 
loss is proportional to i/F^ and the volume scattering to i/F. Their 
combined effect increases with increasing thickness, but on balance 
the tolerable thickness rises with voltage. In terms of von Borries’ 
‘transmitting thickness', the specimen which will give adequate resolu¬ 
tion increases in thickness proportionally to the voltage at first, but less 
rapidly above too kv owing to relativistic effects. For this reason a 
considerable rise in voltage above the values now used is required for 
investigating massive specimens about i thick. 

The weaker interaction of electrons with matter, which permits the 
higher penetration, is also responsible for the favourable reduction in 
temperature effects and ionization already mentioned as accompanying 
a rise in accelerating voltage. From most points of view, therefore, 
higher working voltages arc advantageous for biological specimens. 
The chief disadvantage is that the size of the least detectable detail 
also increases, for the same reason of low interaction: the contrast im¬ 
posed on the electron image by a given thickness of material decreases 
with rising voltage. It can be countered to some extent by using a 
smaller aperture, corresponding to the lower mean angle of scattering 
of electrons, so as to trap roughly the same proportion of them. But 
there is a limit to the size of hole which can be accurately drilled and 
kept clean, and in any case it must not depart far from the optimum 
size determined by resolution considerations. Hence the thickness 
discrimination falls at high voltage: from Marton’s original calcula¬ 
tion it may be no better than 250 A at i Mv, for a specimen of unit 
density. Von Borries comes to a much more favourable conclusion ® 
by relying on photographic intensification of contrast, although the 
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calculations are not carried to so high a voltage. However, this lower 
limit of observation is not a serious disadvantage in biological work, 
where the resolution will be sacrificed to the preservation of the speci¬ 
men from heating and ionization effects. 

On the practical side the difficulties in the way of very high voltage 
operation are entirely of a technical nature and should not be hard to 
overcome. The development of nuclear physics has provided a variety 
of means of accelerating electrons to above i Mv. The chief difficulties 
lie in stabilizing such a voltage to the degree needed for electron mi¬ 
croscopy, and in providing adequate protection against x-rays for the 
operators. The power of the lenses need not be unduly increased above 
values now commonly in use; the longer effective focal lengths at high 
voltage being compensated, so far as overall size of the microscope is 
concerned, by using three or four-stage construction. Except for the 
provision of x-ray shielding, the instrument itself need be little different 
from that employed at lOo kv. 

STABILIZATION 

As regards stabilization of the high voltage, two main alternatives are 

open: to stabilize the voltage source by electronic means, or to use a 

practically unstabilized source from which the electron beam is passed 

through a monochromator on its way to the condenser of the micro¬ 
scope. 

Electronic stabilization 

In the former case the simplest method is to develop a feedback stabi¬ 
lizer of the type now used in many electron microscopes (p 163), but 
designed to operate entirely at high voltage in order to overcome insu¬ 
lation difficulties which would otherwise arise, for instance in filament 
transformers. This is the path being followed in the Philips 400 kv mag¬ 
netic microscope (Figure 133), of which a preliminary description has 
appeared the voltage source being a rectifier-condenser cascade set 
of the Cockcroft and Walton type. Other high voltage instruments are 
also in construction on similar lines. There is much to be said for pro¬ 
ceeding first to a moderately high voltage of Mv or so in order to 
gain experience of the technical problems of construction and opera¬ 
tion, and possibly those of recording and interpreting the results. 

A French project (Bruck, BaiCKAand Grivet^^) is similarly advan¬ 
cing to I Mv by two stages, utilizing a three-stage microscope with 
electrostatic objective and two magnetic projectors, and a high speed 
disk form of electrostatic generator for the voltage. Use of an electro¬ 
static objective has the great advantage that the required degree of 
voltage stabilization is much smaller than in magnetic lenses (p 272). 
Relativistic effects cause some variation of focal length with voltage, 
but Laplume has shown that this is a minimum at about i Mv. The 
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total aberration is less at this voltage than at 6o kv, since there is a fall 
in the combined effect of spherical aberration and diffraction propor¬ 
tional to The chief problem to be solved is to design an electro¬ 
static lens which will have a reasonably short focal length and can 



Figure 133. Philips magnetic electron microscope for 

400 kv 

withstand the high electric stresses in high voltage operation, since in 
the electrostatic objective the cathode voltage is applied also to the 
closely neighbouring central electrode of the lens {cf p 273). 

It should be equally practicable to use the Van dcr Graaf belt-driven 
type of electrostatic generator. A 2 Mv unit of moderate dimensions 
for x-ray purposes is now produced in a high pressure tank; the output 
of tens of microamps needed for microscopy is readily obtainable. It 
is not sufficiently well stabilized for use with magnetic lenses but might 
be made so by providing a second heavier-current beam in parallel 
with that for microscopy. For observations on thick biological speci¬ 
mens a much larger chromatic error, and correspondingly lower stabi¬ 
lization, would be allowable than in standard electron microscopes. 
With electrostatic lenses the requirements would be still less strict. 


Unstabiliz^d source with monochromator 

The alternative procedure is to employ the type of relatively unstabi- 
lizcd voltage source commonly used for nuclear or x-ray research, and 
to attach a monochromator to the output to select a band of energies 
sufficiently narrow for microscopy. The monochromators often used in 
nuclear physics, in the form of magnetic or electric deflecting fields, arc 
suitable in principle but usually provide only a roughly homogeneous 
beam, intensity being more important than constancy of energy. Mar- 
TON has designed a more refined type for connecting to a 14 Mv source 
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of electrons normally used for x-ray production He employs three 
successive magnetic deflecting fields the total effect of which is to turn 
the beam through 450°: entering from a vertical accelerator tube, it 
emerges horizontally from the monochromator and passes into a speci¬ 
ally designed three-stage magnetic microscope. The beam is defined 
by apertures at various points in its passage, and should be voltage- 
homogeneous to within ± per cent on emergence and of moderate 
angular divergence. As the entrant beam is rather inhomogeneous and 
of appreciable angular aperture, the system is bound to be very ineffi¬ 
cient; but as there is no difficulty in getting a total current of 5 milli- 
amps from the generating set this may not be a serious limitation. 

X-RAY PROTECTION 

The matter of x-ray protection is here again one of applying known 
principles. The first task is so to design the electron gun that a mini¬ 
mum of the beam impinges on the defining apertures, that a minimum 
of x-rays is excited under the bombardment and that adequate screen¬ 
ing is provided around the gun (or accelerator tube). The second 
problem is to shield the operator from the x-rays which will inevitably 
arise when the imaging beam strikes the objective and other apertures, 
and the viewing screen. At such high voltages the intensity produced, 
even from the final screen and at high magnification, is beyond the 
tolerance dosage. Considerable experience is again available from the 
nuclear and x-ray fields and has been applied in designing the Philips 
400 kv instrument, for instance At this voltage adequate screening 
can be built into a column of conventional type. At i - 4 Mv, however, 
the problem is much more severe, particularly because of the high 
initial current. Marton is employing remote observation and control 
devices, operated from behind protective walls of concrete one foot 
thick. 

CONCLUSIONS 

The American experiments are only now beginning, and the results of 
tests at I *4 Mv will be awaited with the greatest interest. They will 
indicate how far, and with what expenditure of time and trouble, the 
technical difficulties in the way of very high voltage electron micro¬ 
scopy may be overcome. Examination of typical specimens will then 
show how much is to be expected in the way of penetrating power, 
temperature and ionization effects, and in contrast and resolution from 
the photographic emulsion. In all these respects our present know¬ 
ledge is so imperfect as to leave the results in doubt to at least an order 
of magnitude. ^Vhen this experience has been obtained we shall be in a 
better position to judge whether electron microscopy of living matter 
is at all possible, and for how long a period before it receives a lethal 
dose. 



11 

ELECTROSTATIC AND OTHER TYPES 
OF ELECTRON MICROSCOPE 

Although the electron microscope as commercially produced has 
usually made use of magnetic lenses, there are several models which 
employ electrostatic lenses, either exclusively or in combination with 
magnetic lenses. There are also several special types of microscope 
designed for investigating surface structure which may come into more 
general use if their range of applicability is increased. The principles 
and construction of the more important instruments will be described 
in this chapter. 

PRINCIPLES, ADVANTAGES AND DISADVANTAGES 
OF THE ELECTROSTATIC MICROSCOPE 

The action of electrostatic lenses has already been described in chapter 2. 
The two-tube lens has been employed in only one microscope of 
importance (Mahl*“®). Here we shall confine attention to the sym¬ 
metrical or unipotential lens of Figure 12 (p 24), which is best suited to 
electron microscopy. It consists of two outer electrodes at a common 
potential and a central electrode at high relative potential. The outer 



Figure 134. Electrostatic lens employed in CSF 

electron microscope 


electrodes may be earthed and the central member connected to the 
cathode, so that only a single voltage is required for its operation, the 
difficulties involved in a high voltage potentiometer being in this way 
avoided. In a completely electrostatic microscope such a unipotential 
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lens is employed for all three lenses (condenser, objective and projector), 
the required powers being obtained by using a different bore and 
separation of the electrodes in each case. 

The electrodes have to be designed to give short focal length and 



Figure 135. Lenses of two-stage electrostatic 

microscope (CSF, Paris) 

small aberration, combined with high insulation between electrodes 
and minimum electrical loss from their surfaces. As in magnetic lenses 
the spherical and chromatic aberrations are minimized by employing 
the shortest possible focal length in the objective. Here, however, insu¬ 
lation requirements take the place of pole piece saturation in limiting 
the value attainable. As before, the objective bore must be large enough 
to admit the specimen in its holder. In spite of these limitations, how¬ 
ever, focal lengths as small as 4 mm have been obtained. The form of 
electrode adopted is shown in Figure 134 and 135, which depict that 
used in the CSF microscope. The metal surfaces have to be polished 
very highly, in order to avoid voltage breakdown. As with magnetic 
pole pieces they have to be machined to great accuracy in the bore, 
and mutually aligned with equal precision, if residual astigmatism is to 
be minimized. 


ADVANTAGES 

The great advantage of the unipotential lens lies in its relative freedom 
from chromatic aberration. A change in voltage at the cathode is 
equally applied to the lenses, so that their focal power varies just suffi¬ 
ciently to compensate the increased speed of the electrons. At voltages 
below those used in electron microscopy the resultant focal length 
remains constant for wide fluctuations in voltage. However, a secon¬ 
dary effect of relativistic origin makes itself felt at voltages of 40 kv and 
above (Ramberg Laplume so that stabilization to a few parts 
in 1,000 becomes necessary. This is very much less than is required for 





Disadvantages 


magnetic lenses, which require highly stabilized current in addition, 
so that the electrical supplies for an electrostatic microscope can be 
much simpler and less costly. 

DISADVANTAGES 

One of the chief disadvantages of electrostatic lenses lies in their greater 
susceptibility to contamination, whether by slow accretion of insulating 
deposits under impact of the beam or by fragments of the specimen 
falling into them. The former cause may be minimized by careful aper- 
turing so that the beam does not directly strike lens surfaces, but it is 
impossible to protect them from scattered electrons. The main safe¬ 
guard is to maintain a very high vacuum, which is in any case desirable 
in order to reduce electrical loss from the surfaces. The frequency with 
which the electrodes have to be polished is thereby much reduced. 

A second disadvantage arises from the higher spherical aberration 
to which electrostatic lenses are subject compared with the magnetic 
type. From calculations on ideal field forms, it seems that this differ¬ 
ence is fundamental in nature and it has so far been reflected in per¬ 
formance. Nevertheless it may prove to be more diflicult to approach 
the ideal with magnetic than with electrostatic lenses, owing to the 
imperfections of magnetic materials. In the end there may not be much 
between them in practice. By careful attention to the machining and 
assembly of an electrostatic objective, Grivet and Regenstreif 
have succeeded in obtaining a resolution of 20 to 25 A, not far removed 
from that obtained with the best magnetic lenses, to the development 
of which much more attention has been devoted. The inherently higher 
aberration coefficients of electrostatic lenses may not prove so impor¬ 
tant in practice as was formerly thought. • . • 

There remains another drawback in the use of an electrostatic objec¬ 
tive, Its constancy of focal length, which is advantageous with respect 
to voltage variations, makes focusing and change of magnification im¬ 
possible by the simple means of varying lens power which is avail¬ 
able in magnetic lenses. The flexibility which the latter possess in 
comparison with an optical microscope is thus lost. If it is regained by 
varying the voltage applied to the central electrode, the near-achro¬ 
matic property isWcrificcd. In practical electrostatic microscopes one 
or other of these possible solutions has been employed. 1 he most satis¬ 
factory method is to move the specimen axially with respect to the lens, 
as in a light microscope, but this demands a very finely adjustable 
control. The depth of field being of the order of microns in a focal 
length of millimetres (p 86), the object holder must be capable of the 
same precision of setting. Alternatively, the object may be kept in a 
fixed position as in the magnetic type, and the voltage of the central 
electrode of the objective varied slightly by means of an auxiliary bat¬ 
tery or potentiometer. The necessary departure from equality with the 
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cathode can be tolerated, since it causes less confusion in the image 
than would an alternating voltage of the same magnitude. On the 
practical side, it requires an insulated control passing to high voltage, 
as is already necessary for varying the bias voltage of the gun. 

Variation in magnification is not so readily obtained as is the neces¬ 
sary range of focusing. The voltage applied to the projector may be 
varied, in the same way as that of the objective, and the permissible 
range is now wider. Even so it is only possible to cover a moderate 
range of magnification without recourse to interchangeable lenses. 
Alternatively a double projector may be employed, as in the AEG 
microscope. By using one or other of its components, or both, three 
fixed values of the magnification can be obtained. 

On balance it appears that the theoretical simplicity of the electro¬ 
static system is offset by slightly greater complexity of construction and 
less flexibility of operation, compared with the magnetic type. In the 
result, there is little to choose in ultimate performance, although the 
former is rather more difficult to operate on account of its sensitivity 
to vacuum conditions. It remains the case that the electrostatic micro¬ 
scope has so far been more expensive and less employed than the mag¬ 
netic form. It may well be, however, that it is better suited than the 
latter for production as a compact, cheaper instrument of limited range 
of performance for routine work. 

ELECTROSTATIC MICROSCOPES 

AEG INSTRUMENTS 

Most of the original research and development on electrostatic lenses 
took place in the laboratories of the Allgemeine Elektrizitats Gesell- 
schaft (AEG) in Berlin. The first electrostatic microscope was con¬ 
structed there (Mahl®^); a number of this type was made and used 
for research purposes, but it was not put into regular commercial pro¬ 
duction. However, since the war it is being produced by a subsidiary 
of AEG in South Germany, in an improved version of the original. 
It is a large vertical model (Figure 136) containing electrostatic conden¬ 
ser, objective and projector lenses. The electron gun is of the biased 
type, and the voltage is 50 kv. Focusing is carried out first by moving 
the object axially in its stage and then by adjusting the voltage applied 
to the central electrode of the objective. A variable correcting field 
(‘stigmator’) is incorporated for eliminating the residual astigmatism 
of the objective (see p 156). A double projector is employed, with which 
magnifications of 1,500, 5,000 and 15,000 x may be obtained by 
switching in one or the other or both components. A viewing telescope 
provides an additional magnification of 10 or 20 times for visual fine 
focusing. The camera conveniently carries 24 plates at a loading. 
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which may be rcinoxed iiKliviclually alter exposure. 1 he resolution 
claimed for the production model is 50 A. 'The orii^iiKil prototype 
has yielded results below 30 A (Boerscii 


CSE INSIRUMENTS 

Detailed attention has been given to the design of electrostatic lenses 
by Grivet and collaborators in FranceIt resulted in the produc¬ 
tion of a commercial model of electron microscope by the Gt)mpagnie 
Gcncrale dc I'clegraphie sans Fils (GSF) in 1945. It is a two-stage all 
electrostatic instrument, conveniently arranged in a vertical cabinet 
with the electrical generators in a separate container (Figure 137). The 
electron gun, employing bias \'oltagc, has been designed to give such a 
narrow beam that a condenser lens is not required''"; an a()erture 
limits the coiu' of illumination reaching the specimen. A range of mag¬ 
nification from 1,900 to 13,000 X may be co\ercd by varying the vol¬ 
tage applied to the eentral electrode of the i>rojector. Focusing of the 
objective is carried out in a similar manner. 'I'he aceelerating soltage is 
variable in steps from 30 to 63 kv, and controls are so interlocket! that 



I3<). AlXi mi- 

croscopf, commercial model.' Sud- 
I)( utseli Lab.. .\Iosbach Baden) 


l''igur<’ 137. (iSl' eUstio- 
>tati( mi< |■os( i)[>e 
CS I . Bans: 


it cannot be applied until the vacuum is ade(|uate. For photogiapliy a 
roll film camera is employed, taking uj) to 30 ('\i>oMU'es ol 0 x (> t in 
size at a loading. 'Fhe object holder is in the form of a small (oiu' with a 
single central hole, to minimize the danger ot IVagments ol specimen. 
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Figure 138. Ncrv’c fibres, imaged in 
two-stage electrostatic microscope 
(x 8,000) (CSF, Paris) 


falling through into the lenses. 
The more usual 3 mm grids 
cannot be used without fitting a 
special holder. 

The resolution shown by the 
production model is of the 
order of 80 to 100 A (Figure 
138). Recently Grivet and 
Regenstreif built an im¬ 
proved version (Figure 139) by 
incorporating a third stage of 
magnification and paying speci¬ 
al attention to the mechanical 
perfection of the electrodes and 
their alignment, corresponding 
to the steps necessary to avoid 
residual astigmatism in mag¬ 
netic lenses. Working then at 
higher magnification (up to 
80,000 x), which allows small 
vibration troubles to be more 
readily detected and traced, 
they obtained micrographs 


showing a resolution approaching 20 A, rather better than any previous 
results from an electrostatic instrument. 


AMERICAN INSTRUMENTS 

A compact electrostatic microscope of the desk type was produced in 
the G.E. Laboratories in 1942 (Bachman and Ramo^®^). It was de¬ 
signed for routine work in the range immediately beyond the optical 
limit, having a maximum electronic magnification of 1,000 X and a 
resolution of about 200 A. It dispensed with a condenser lens and em¬ 
ployed three stages of magnification, the lenses being mounted in a 
single cartridge for case of removal for cleaning and aligning. The 
whole system was extremely compact, the cathode screen distance being 
only II in. Focusing was obtained by axial motion of the specimen 
stage, and change of magnification from 500 to 1,000 X by axial 
movement of one of the projector lenses. With subsequent optical en¬ 
largement the maximum total magnification would be about 8,000 X . 
In spite of its simplicity of design and other attractions, the instrument 
was not put into production. 

More recently some account has been givenof a new electrostatic 
microscope, made by the Farrand Optical Company of New York in 
collaboration with Rudenberg, one of the earliest workers in the field. 
This is also of the desk type and is reported to be very compact and 
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easy to operate. It gives a direct magnification up to 10,000 x , and the 
resolution in the photographs displayed was well below 100 A. It should 
offer the possibility of a relatively cheap electron microscope, suitable 
for many purposes. 


TRUB-TAUBER ‘MIXED’ MICROSCOPE 


The Swiss firm of Trub-Tauber developed during the war a hybrid 
electron microscope, utilizing both electrostatic and magnetic lenses, and 


embodying several other novel 
features®’. It is now in gen- 
eralproduction (Figure 140). 

The standard model em* 
ploys an electrostatic objective 
in order to exploit its neg¬ 
ligible chromatic aberration. 
The condenser and projec¬ 
tor are magnetic, giving the 
required flexibility for con¬ 
trolling illuminating condi¬ 
tions and magnification. If 
desired, an electrostatic lens 
can be provided as projector 
so as to allow a simplification 
of the electrical supplies; an 
interchangeable projector for 
electron diffraction work is 
also available. Focusing is 
achieved by axial motion of 
the object. The specimen stage 
motion is calibrated in frac¬ 
tions of a micron to permit the 
position ofinteresting features 
to be logged. The total mag¬ 
nification range is from 1,500 
to 15,000 X. Photography 
may be made on cut film or 
on plates. The best resolution 
so far shown is of the order of 

50 A. 



Other features of interest 


are the electron gun and the 
pumping system. The gun 


Figure 139. Cross section of three-stage 
electrostatic microscope (CSF, I^aris) 


employs a cold cathode in the form of an aluminium rod having its 
axis across that of the instrument. By careful attention to the design 


of the gun apertures and their spacing (Induni the stability of the 
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beam and its voltage spread arc greatly improved over any previous 
cold cathode design. The life of a given emitting spot is longer than 
that of a hot filament, and in place of renewal of the latter one has 
simply to rotate the rod to give a new point of emission when the 
first has become too much pitted. Its disadv^antage lies in the rela¬ 
tively small intensity of the beam, measured in terms of current per cm- 
per unit solid angle, so that the available intensity does not allow a very 
high magnification. The pumping system employs a high speed rotary 
molecular pump, an improved version of the Holwcck type. Its speed 



I’imirc 


140. Tritb-’raiibcr flcctron microscope (Triib- 
Tauber Lab.. Zuri(h) 


of pumping is high and the \ ibration small. As no grease or oil is used 
in the pump or vacuum joints, and a very good vacuum is obtained, 
the instrument is relatively free from contamination in comparison 
with other microscopes. 


MICROSCOPY BY REFLECTION 

It is possible to study the structure of a solid surface by collecting the 
electrons scattered by it from an incident beam. Collection of those 
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scattered back in the incident direction gives a very small intensity, 
requiring a special recording device (seep 282). Collection at right angles 
to the incident beam was investigated by Ruska and Muller 
but was not very satisfactory owing to the large amount of energy loss 
which accompanies scattering. It is found to be better to collect the 
part ofthe beam which suffers fairly regular reflection, leaving the sur¬ 
face at the same angle as that of incidence, as does light from a mirror. 
The intensity is still small but sufficient for photography, and the energy 
loss is not enough to impair definition unduly by the chromatic aber¬ 
ration of subsequent lenses. 

Such a reflection microscope was first set up by von Borries by 
tilting the illuminating system of a standard Siemens instrument and 
inclining the specimen surface equally to the incident beam and to 
the axis of the imaging system. The essence of the arrangement is shown 
schematically in Figure 141, the specimen being inclined at an angle 



of 4° to the beam. The regularly reflected beam is collected by an objec¬ 
tive of normal construction and imaged in the usual way. Direct 
magnifications up to 8,600 x were employed, and the resolving power 
obtained from a variety of metal surfaces was some 10 to 20 times 
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better than that of a light microscope, which has a limit of about 
5,000 A in reflecting conditions. 

Figure 142 is a typical reflection micrograph, showing the etched 
surface of a carbon steel, with marked grain boundaries and an island 



—I 


Figure 142. Reflection micrograph of surface of pearJitic steel (x 4,000) 

(von Borries) 

of pearlite. In reflection an effect similar to that of metal shadowing 
heightens the contrast in the image: projections from the surface scatter 
the beam strongly, whereas the regions beyond them are protected 
from it and give no scattering. The surface relief thus stands out most 
strikingly and is imaged more faithfully than in most replica methods, 
which in addition are open to shrinkage and tearing artefacts. On the 
other hand the reflection picture suffers from being foreshortened (in 
the ratio of i to 14) in the direction of observation, so long as this is 
made on a screen at right angles to the axis. However, interpretation 
is not seriously impaired by this circumstance. 

A certain amount of work was carried out by the German workers 
on the examination of different types of metal surfaces by reflection. 
1 he range is limited, since the surfaces must be smooth in the ordinary 
sense of the term, and even fracture surfaces are too rough to give clear 
images. It is also difficult to observe non-metallic surfaces, as their poor 
electrical conductivity leads to accumulation of charge and consequent 
disturbance of the beam. However, the method offers a valuable check 
and supplement to replica methods, especially where the latter cannot 
be used directly on a surface but demand prior etching. It merits the 
further exploration which it is now receiving in one or two laboratories. 
It is probably also capable of showing smaller details, in the way of 
projections or depressions in the surface, than are most replica methods; 
the linear resolution in both techniques appears to be of the same order, 
about 250 A {cf p 219). 
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SHADOW AND SCANNING MICROSCOPES 

SHADOW MICROSCOPE 

A point source of electrons will cast a shadow of an object placed near 
it; if this is received on a viewing screen the image will be magnified 
in the ratio of the distance of the screen from the source to that of the 
object from it (Figure 143). The resolution will now be determined 
only by the size of the point source and the grain of the screen or record¬ 
ing emulsion since no lenses are employed for imaging. It is possible 
to produce a very small effective source of electrons by de-magnifying 
the beam emerging from a gun with two successive lenses, acting as a 
double condenser with large object and small image distance in each 
stage. The lens system is thus the converse of that used for microscopy, 
being employed to produce a greatly reduced image of the cathode or 
of the beam cross section near to it. The size of the final electron spot is 
consequently limited only by the aperture and aberrations of the sys¬ 
tem. The final beam current will be small, since the permissible initial 
aperture is small and only a narrow cone may be used for imaging if a 
high magnification is required in a field of usual size. 

In spite of the obvious dilBculties Boersch succeeded in obtain¬ 
ing an electron source or ‘probe’ of about 100 A in diameter, using 
electrostatic lenses. He obtained shadow images showing a resolution 
of a few hundred Angstrom units. As specimens are to some extent 
transparent to electrons, the micrographs show a range of tones. The 
method offers no special advantages over normal transmission micro¬ 
scopy, and is more difficult to carry out. It is necessary to maintain the 
electron source constant in position as well as in size during the time 
of exposure. The chief use of the arrangement will probably be in con¬ 
nection with electron microdiffraction, in which the probe is used to 
explore a specimen point by point in order to identify small crystalline 
components by their characteristic diffraction patterns. A combined 
instrument on these lines has been described by Hillier and Baker 
in which the point electron source is obtained with magnetic lenses. By 
varying the power of the lenses either a shadow picture or a diffraction 
pattern may be obtained from any desired part of the object. However 
the instrument may only be of limited application, since a similar 
localization of the region causing diffraction is possible in the three- 
stage electron microscope pp 66 and 114). 

SCANNING MICROSCOPES 

A point probe of electrons, obtained as described above, may be used 
also to scan a specimen point by point while variations in the amount 
of the beam transmitted or reflected arc recorded. Information about 
the nature of the specimen is thus obtained in the form of meter read¬ 
ings or as an actual micrograph. The resolution is limited in principle 
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again by the size of the probe, and in practice by the length of time 
which can be allowed for recording the image. The resolution along a 
scanning line is given by the probe size, but that of the picture as a 
whole is given by the closeness of the lines, hence it depends on the 



Figure 143. 
Schematic diagram 
of shadow electron 
microscope 
(Boersch) 



Incident electron 
beam 

-*■ Secondary electron 
beam 
Light beam 


0 

Figure 144. Principle of surface 
scanning electron microscope 
(RCA) 0 = object, 5 " = fluo¬ 
rescent screen, P = photo¬ 
electric surface 


total scanning time allowable. One can choose to have either a high 
resolution over a small area or a poorer resolution over a larger field. 
The intensity of the finally recorded beam, whether by transmission or 
reflection, is so small that recording times of the order of half an hour 
are required. In turn, high demands are made on the constancy and 
fineness of control of the electronic system. 

An instrument of this type was first proposed by von Ardenne 
who showed transmission pictures with a resolution of some 500 A. The 
time of scan was about i sec per line, with photographic recording; the 
scanning path is controllable by mechanical means at this slow 
speed instead of by electrical time bases as in television. A different 
system (Figure 144) was constructed in the RCA laboratories by 
Zworykin, Hillier and Snyder in which a probe of the order of 
100 A in diameter was obtained by demagnification of a beam by a 
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series of electrostatic lenses. The electrons scattered back from the 
surface were received on a fluorescent screen at an angle of 45° above 
it, the incident beam being admitted through a small aperture in the 
screen. The variation in illumination on the screen as the probe was 
scanned over the specimen was recorded by a photomultiplier, the 
output from which was fed to a facsimile recorder as used for repro¬ 
ducing telegraphed pictures.The time of recording was again of the order 
of 30 min and the resolution about 500 A. As there are a variety of 
replica techniques available, apart from the reflection microscope of 
von Borries, it appears that there is little scope for such complicated 
scanning instruments. Their main advantage might be in exploring 
differences in the chemical constitution of a surface, since these help to 
determine the amount of scattering, whereas replica methods show 
simply the physical relief. They may be important, for instance, in 
investigating the micro-variation in secondary emission over a surface. 

EMISSION MICROSCOPES 

Instead of recording the electrons scattered by a surface under impact 
of a narrow beam, it is possible to accept in a lens system the electrons 
which are spontaneously emitted by certain surfaces under special con¬ 
ditions. Suflicient emission may be produced by exposure to light 
(photoelectric), to a primary beam of electrons (secondary), to radio¬ 
active material or to high temperature (thermionic). When electron 
lenses are used to form an image of the surface of a specimen by reason 
of self-emission of any of these types, the system is termed an emission 
microscope. It is found that the amount of photoelectric or secondary 
emission which may be obtained in practice is so limited that only 
magnifications of the order of 50 X are possible. Even so, much useful 



Magnetic tenses 

Figure 145. Fmission electron microscope, with magnetic 

lenses 


information may be obtained about the distribution of emission over a 
polycrystalline or inhomogeneous material ’"b Most of the emission 
microscopes constructed, however, have been used for investigating 
thermionic emission 
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The emission microscope differs from the normal transmission type 
primarily in the construction of the electron gun, since the cathode is 
now the object. The simple arrangement of gun and condenser in the 
condition of critical illumination shown in Figure 41^1 will indeed give a 
visible image of the emitting surface, which will be of reasonably high 
magnification when the objective is employed to throw it on to the 
intermediate viewing screen. An emission microscope proper differs 
only in the arrangements made to secure an image of very high magni¬ 
fication and resolution. The simplest way of achieving the former is to 
move the condenser closer to the gun, giving a high ratio of image to 
object distance and hence an appreciable magnification at this stage 
as well as in the objective. Such a system would form a two-stage mag¬ 
netic emission microscope (Figure 145); in this case the gun would not 
need a bias potential. Alternatively an all-electrostatic system may be 
employed, the first stage of magnification taking place in the field 
between the cathode, shield and anode of a biased gun. By suitable 
dimensioning and choice of the applied voltages it is possible to obtain 
magnifications of the order of 100 X from such an ‘immersion’ lens 
system; it was in fact the first form of emission microscope made (Bruche 

and JoHANNsoN^^). One later stage of magnification with an electro¬ 
static lens is then sufficient. 

The biased system with high anode voltage has been largely pre¬ 
ferred as it lends itself best to the fulfilment of the conditions for high 
resolution. It was shown by Recknagel^'® that the resolving power of 
an emission microscope is reciprocally dependent on the fourth root 
of the strength of the accelerating field and on the eighth root of the 
energy of thermal emission of electrons from the cathode (expressed 
in volts). It is therefore desirable to attain as high a field as possible at 
the cathode surface, and values as high as 50,000 v/cm have been ob¬ 
tained by attention to the design and finish of the gun electrodes, so 
that at a very narrow separation a very high voltage may be applied 
without electrical breakdown. The form employed for the immersion 

lens in the French electrostatic emission microscope is shown in Figure 
146 (Vastel^'®). 

In order to facilitate insertion of the object cathode C the upper part 
of the assembly is fitted with flexible connections for ease of raising; it 
is shown in the raised position. Axial suspension of the object minimizes 
lateral drift during heating. The cathode, in the form of a disk 5 mm 
in diameter and some tenths of a millimetre in thickness, is heated 
from the rear by electronic bombardment from the triode system T. 
The maximum heating power of 50 watts is sufficient to raise the tem¬ 
perature of C to 2,000° C. The accelerating voltage of 30 kv is applied 
to the cathode assembly and to the central electrode or grid £ of the 
immersion lens through insulated bushings. The anode-grid separation 
is 2 mm and the anode-object distance about 3 mm, in the operating 
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position of C. Focusing is carried out in first approximation by axial 
motion of C, supplemented by fine focusing through variation of the 
potential of £. The immersion lens alone gives a magnification of 50 x , 

which may be raised to 1,500 x with a second electrostatic lens of the 
unipotential type. 



Figure 146. Electrostatic immersion objective employed in CSF emission 

electron microscope 


It follows also from Recknagel’s results that best resolution is ob¬ 
tained at high cathode temperature. Unfortunately space charge effects 
may then come into play also, so that the best micrographs have in 
practice been obtained by slightly under-running the cathode. A fair 
number of investigations have been carried out on the structure of 
cathodes and the fundamental emission properties of metals, both pure 
and as modified by coating with other metals such as barium and 
strontium. The electrostatic system has been favoured by most wor- 
l^ers and the best resolution reported with it is 400 A (Meck¬ 

lenburg Kinder^'® has used a magnetic imaging system, with an 
unbiased gun, in order to show that a magnetic immersion system is 
practicable, but his resolution is no better than 1,400 A. 

These figures compare with that of 60 A given by Recknagcl for the 
theoretical resolving power in such experimental conditions. It ap¬ 
pears that emission microscop\' is c\cn further renuned from its limit 
of performance than is transmission microscoj))'. As in the lattei, how¬ 
ever, improvement would still appear to be jiracticalilc by careful atten¬ 
tion to detail in the construction and alignment of the lens elements. 
















Electrostatic and other types of electron microscope 

APPLICATIONS 

Thermionic Emission 

A typical emission micrograph obtained from a metal surface by means 
of the thermionically emitted electrons is shown in Figure 147. The 
variation in contrast is due to varying emissive power from different 
constituents in the metal of the cathode; variation can also arise from 
different crystal planes in a pure metal. In either instance the effects 
may be radically altered by coating with a highly emissive element 
such as barium, which may be preferentially absorbed on one metal, 
or on one particular crystal face, rather than any other. The most 
extended investigations of metallurgical interest were carried out 
before 1939 by Burgers and van Amstel^^, the variation in emission 
accompanying the phase change in iron and crystal growth in zirco¬ 
nium being studied. 

Other results are important for understanding the fundamental 
processes involved in thermionic emission (Rathenau ^). The method 
would undoubtedly have been used more if it could be applied directly 
to the conditions of space charge limited emission in which cathodes 
operate in most practical devices. 

An alternative application was explored by Scott and Packer 
also before 1939, who incinerated biological material on a cathode and 
looked for local variations in emission as determined by the mineral 
content of the tissues. The information obtained from this use of the 
emission microscope appears to have been limited. The same is true of 
efforts to image photoelectrically and secondary emitting sur¬ 
faces Attempts to obtain a useful high magnification have mostly 

failed owing to the low total beam current available. Even at as low a 
value as a few hundred times, however, it seems probable that impor¬ 
tant information might be obtained on local variations in photo¬ 
emission with conditions, which could not be obtained by any other 
method. The experimental difficulties appear to have deterred further 
investigators since the early work was done, but a recent secondary 
emission microscope employing electrostatic lenses has been more 
successful (Le Poole and Le Rutte By bombarding a metal sur¬ 
face with a strong beam of electrons and drawing off the secondary 
beam with an accelerating voltage of about 8 kv, they were able to get 
good images at magnifications of the order of loox. The resolution 
obtained in preliminary experiments promised well for the perfor¬ 
mance of the final form of the instrument. 

Autoradiography 

Recently another application of the emission microscope has received 
attention in which a very low magnification still proves of value. This 
is in autoradiography, where the problem is to obtain a clear picture 
of an object (such as a piece of tissue) impregnated with a radioactive 
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material, by the action of the emitted radiation. The intensity in the 
negative will vary according to the local density of accumulation of the 
active element in the object. The chief difficulty is that photographi¬ 
cally active radiations (p-, y- or a-rays) are emitted in all directions, 



Figure 147. Mic rograph of rnolybcU'nuin .surface, in thei - 
inionic emission, taken wiili CSF emission microscope 

(X 330) 


SO that a sharp micrograph can only be obtained if the object is placed 
in contact with the emulsion, by using it as the ‘cathode’ before a mag¬ 
netic lens, however, a degree of magnification may be obtained which 
aids detailed inspection of the distribution of radioactive matter in it 
that is, the resolution is improved. As the useful aperture of the lens is 
small on account of aberrations, as usual, and as in any case the radi¬ 
ation is very weak, the magnification cannot be made very large without 
involving unduly long exposure times; a value of between 2 and 10 is 
usual. As the lens gives a sharp focus only for a homogeneous beam, 
because of chromatic aberration, best results are obtained l>y using a 
radio-element which has a sharp emission peak. Unfortunately this is 
not always present in the elements which can be introduced into those 
compounds which arc of interest to biologist^ for use in this technique. 

The first pictures thus obtained with a single magnetic lens were 
shown by AIarto.v and Abelson at a magnification of i -6, using 
the radioactive clement gadolinium-fiy. A low jjower microscope for th<; 
same purpose has since been constructed in Great Britain ^ It may 
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well be that this application of the emission microscope, at unexpectedly 
low magnification, will be of wider significance than its use with 
thermionic emitters. 

Point projection microscope 

The projection system developed by Muller ^ is not a microscope 
in the strict sense of the term as it employs no lenses, but demands 
mention because of its relation to emission electron microscopes. 
Essentially it consists of a sharply rounded tungsten point at the 
centre of a glass sphere coated with fluorescent material. A strong 
electrostatic field between sphere and point causes cold emission of 
electrons to occur; they are accelerated on to the screen, giving a 
visible picture of the variation in emission over the tungsten surface. 
The magnification is given in first approximation by the ratio of the 
radius of the sphere to that of the point, and may approach one million. 
The method has been used to investigate the dependence of emission 
on temperature and on surface orientation and lately to demon¬ 
strate the shape of large organic molecules which affect the distri¬ 
bution of emission when deposited on the point. 
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